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ABSTRACT 
Light-frame wood construction is the most common form of construction for residential 
and low-rise commercial buildings (e.g. hotels and motels) in North America. In these buildings, 
shearwalls are the primary systems resisting lateral loads induced by earthquakes and winds. 
Past earthquake events have revealed that the structural performance of nominally identical 
light-frame wood buildings varied significantly. Although much research has been conducted 
investigating the uncertainty in the performance of wood shearwalls and buildings under 
earthquake loading, the focus of many of these studies was on the uncertainty due to the 
earthquake motions, referred as earthquake-to-earthquake uncertainty, the influences of 
variability in the lateral capacities of shearwalls on the seismic performance of light-frame wood 
buildings remain largely unexplored. Thus, primary focus of this thesis was to develop a 
framework to quantify the influence of wall-to-wall variability on the seismic performance of 
light-frame wood buildings. 
The inherent variability in the lateral capacity in light-frame wood shearwalls is largely 
attributed to the variability of the material properties of the wood and the fasteners or 
connections that connect parts of the walls together. To investigate the inherent uncertainty in 
light-frame wood buildings and shearwalls, a series of experimental connection tests on 
sheathing nails, framing nails and hold-downs were conducted. As part of this study, a new 
numerical model (M-CASHEW) which can be used to predict accurately the lateral responses of 
light-frame wood shearwalls was also developed. The data from the connection tests were 
utilized to model the various types of wood shearwall configurations commonly used in light-
frame wood construction in the M-CASHEW program. The results were then compared with the 
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experimental data from wood shearwall tests. Good agreements were observed between the 
model predictions and the test results.  
Two probabilistic connection models were developed and implemented in the M-
CASHEW program to simulate and quantify the variability in the lateral responses of nominally 
identical wood shearwalls using a direct Monte Carlo simulation approach. In these two 
probabilistic connection models, the sheathing-to-framing, frame-to-frame and hold-down 
connection parameters were randomly generated based on the connection test data. The first 
probabilistic connection model considered no correlation among the connection parameters 
while the second specifically considered the correlation among the parameters using a 
distribution-free method that utilizes the Cholesky decomposition of the test data correlation 
matrix to simulate correlated connection parameters. Finally, based on the direct Monte Carlo 
simulation results, a new simplified shearwall simulation approach, which is more 
computationally efficient than the direct Monte Carlo simulation, was proposed. 
In the final phase of this study, the seismic response of a two-story light-frame wood 
building, the two-story CUREE shake table test structure, was modeled using a specialized 
structural analysis program developed for light-frame wood buildings. A methodology to 
simulate the stochastic response of light-frame wood buildings under earthquake loading was 
developed using the new simplified shearwall simulation model. This new stochastic building 
model can be used to determine the minimum number of realizations of a building needed in a 
dynamic time history analysis to obtain a reliable estimate of the peak drift distribution under 
earthquake loading.  
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Chapter 1. INTRODUCTION 
Light-frame wood construction, also known as woodframe, is the most common form of 
construction for residential and low-rise commercial buildings (e.g. hotels and motels) in North 
America. Due to the light weight nature of woodframe buildings (compared to concrete and 
steel structures), light-frame wood construction generally performs fairly well under moderate 
earthquakes in terms of protecting the building occupants from life threatening failures such as 
structural collapse. In addition to good seismic performance, light-frame wood structures have 
many other advantages including rapid construction, low construction cost, sustainability, and 
an aesthetically pleasing appearance. In light-frame wood buildings, shearwalls are the primary 
lateral force resisting systems used to resist the lateral loads induced by earthquakes or wind. 
Typically, wood shearwalls are sheathed with either plywood or oriented strand board (OSB) 
panels connected to the framing members with nails. As shown in Figure 1.1, a typical 
engineered wood shearwall consists of four components: (1) framing members, (2) sheathing 
panels, (3) dowel-type fasteners (i.e. nails, screws or bolts), and (4) anchorage devices (e.g. hold-
downs). 
 
Figure 1.1: Layout of typical wood frame shearwall. 
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Because of the inherent randomness in the material properties of wood as a biological 
building material, construction quality, and material applications, the structural behavior of 
nominally identical shearwalls may vary significantly. In fact, results of many full-scale wall tests 
have shown that the lateral capacities or peak shear strengths of wood walls varied from wall to 
wall (e.g., Dinehart et al. 1998; Durham et al. 2001, Pardoen et al. 2003).  
1.1 Motivation 
Figure 1.2 shows the backbone curves (restoring force versus displacement responses) obtained 
from monotonic tests of three nominally identical 2.44 m x 2.44 m (8 ft x 8 ft) fully sheathed 
shearwalls tested by Langlois et al. (2004). As can be seen, the backbone curves exhibit 
variability in the lateral capacity and peak shear strength. This variability can cause the seismic 
performance of nominally identical buildings to vary as demonstrated in Figure1.3. 
 
 
 
Figure 1.2: Variability in the backbone curves of three nominally identical shearwalls.  
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Figure 1.3 shows a pancake collapse in the first story of a light-frame wood apartment 
building following the 1994 Northridge Earthquake, while a nominally identical building (on the 
right) remained standing. The difference in the seismic performance between these two 
buildings was likely caused by structure-to-structure or wall-to-wall variability. 
 Although many studies have been conducted investigating the uncertainty in the 
performance of wood shearwalls and buildings under earthquake loading (e.g.; Foliente et al. 
2000; van de Lindt and Walz 2003; Rosowsky and Ellingwood 2002; Pang et al. 2007; Ellingwood 
et al. 2008), most considered only the uncertainty due to the earthquake motions, referred to as 
earthquake-to-earthquake uncertainty. The influences of variability in the lateral capacities of 
shearwalls on the seismic performance of light-frame wood structures remain largely 
unexplored. 
Figure 1.3: Collapse in the first story of a light-frame wood apartment building following the 1994 
Northridge earthquake (Photo Credit: Ken Fowler). 
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One recent study in this area conducted by Yin and Li (2010) investigated the effects of 
wall-to-wall variability on the probability of seismic collapse of a light-frame building, modeling 
force-displacement response of shearwalls using the Modified Stewart Hysteretic Model 
(MSTEW), (Folz and Filiatrault 2001), also known as the CUREE (Consortium of Universities for 
Research in Earthquake Engineering) hysteretic model. More details on this hysteretic model 
will be discussed in Chapter Three. To account for wall-to-wall uncertainty, the shearwall 
parameters were modeled as normally distributed random variables with an assumed dispersion 
(coefficient of variation) for each wall parameter. The results indicated that in addition to the 
spectral shape of the ground motions, other sources of uncertainty (for example resistance and 
modeling) should also be considered in the seismic collapse risk assessment of light-frame wood 
structures. 
Extending the study conducted by Yin and Li (2010), this research aims to quantify the 
influence of shearwall resistance uncertainty on the seismic performance of light-frame wood 
buildings.  Instead of assigning an assumed dispersion for each shearwall parameter, the 
dispersion of each shearwall parameter was quantified by propagating the uncertainty from 
nail-level, derived from sheathing and framing nail tests, to wall-level through a mechanistic 
shear wall model.   
1.2 Research Objectives 
The main objective of this research was to develop an analytical framework which can 
be used to investigate the influence of wall-to-wall variability on the seismic performance of 
light-frame wood buildings. Achieved through the following sub-objectives: 
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 (1) Development of a numerical model which can be used to accurately predict the lateral 
responses of light-frame wood shearwalls,  
(2) Development of a methodology to simulate and quantify the variability in the lateral 
responses of nominally identical light-frame wood shearwalls, and  
(3) Quantification of the influences of wall-to-wall variability on the uncertainty of the seismic 
responses of light-frame wood buildings.  
1.3 Research Approach 
Figure 1.4 illustrates the research approach of this study. To investigate the propagation 
of uncertainty in light-frame wood buildings, the modeling framework was divided into three 
levels; connection-level, wall-level and building-level. At the connection-level, connection test 
data, such as the sheathing and framing nail tests, were used to quantify the inherent variability 
in the shearwall connections using connection hysteresis models.  
 
Figure 1.4: Depiction of the modeling framework for light-frame wood buildings. 
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Stud
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Hysteretic Models 
Chapter 4 – Mod l Formulation 
Chapter 5 – Model Validation 
Chapter 6 – Stochastic Wall Model 
Chapter 7 – 
Stochastic Building Model 
6 
 
Next, at the wall-level, randomly generated connection properties were utilized in a 
mechanistic shearwall model to evaluate the shearwall resistance uncertainty. A methodology 
to simulate the variability in individual shearwall responses was developed and used to generate 
random shearwall parameters for use in a building-level analysis. 
1.4 Organization 
Chapter Two of this dissertation provides a review of experimental wood shearwall tests 
and the current state-of-the-art numerical models developed for wood shearwalls.  In addition, 
it includes a literature review of the tests of full-scale light-frame wood buildings. Chapter Three 
presents the results of sheathing nails, framing nails and hold-down tests conducted at Clemson 
University in support of the development of a new shearwall model. In Chapter Four, the 
formulation of the new shearwall model is discussed. To confirm the validity of this new model, 
it is presented in Chapter Five along with the connection test results presented in Chapter Three 
to model selected wood shearwall test specimens discussed in Chapter Two. Chapter Six 
presents two probabilistic shearwall models developed for estimating the variability of the shear 
strength of nominally identical light-frame wood shearwalls using the Monte-Carlo simulation 
technique. In Chapter Seven, the influences of wall-to-wall uncertainty on the seismic 
performance of nominally identical light-frame wood buildings are evaluated. In addition a 
methodology to determine the minimum number of realizations needed for a particular light-
frame wood building to reliably estimate the peak drift distribution under earthquake loading is 
discussed.  Finally, the conclusions and key findings of this study are provided in, Chapter Eight.  
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Chapter 2. LITERATURE REVIEW 
This Chapter provides a literature review of the relevant light-frame wood and 
earthquake engineering research conducted over the past two decades. First, a summary of the 
progression of major light-frame wood research programs is presented in chronological order, 
followed by a review of past shearwall and full-scale building tests. Next, a summary of the 
current state-of-the-art numerical models developed for light-frame wood shearwalls and 
buildings along with the advantages and disadvantages of each are discussed. Finally, a 
summary of past reliability and fragility studies of light-frame wood shearwalls and structures is 
also presented. 
2.1 Major Light-frame Wood Research Programs 
In response to the widespread damage to woodframe buildings observed following the 
1994 Northridge earthquake, a woodframe research project was initiated by the Consortium of 
Universities for Research in Earthquake Engineering  (CUREE) in 1998 (Seible et al. 1999). The 
main purpose of the CUREE project was to improve the performance of light-frame wood 
buildings and to reduce losses during earthquakes. The CUREE projects involved a wide-range of 
connection tests, shearwall tests, and also shake table tests of full-scale buildings. As part of this 
project, Pardoen et al. (2003) conducted a series of shearwall tests on fully-sheathed walls, as 
well as walls with pedestrian door and garage door openings. The effects of fastener type, 
structural sheathing, finishing materials, and test protocols were also considered in the CUREE 
project.  
 Another major experimental program initiated after the 1994 Northridge earthquake 
was conducted by the City of Los Angeles (CoLA) in collaboration with the University of 
8 
 
California Irvine (City of Los Angeles/UC Irvine 2001). The goal of this experimental program, 
commonly known as the CoLA Program and funded by the California Office of Emergency 
Services and the Federal Emergency Management Agency (FEMA), was to validate the reduction 
of design shear values of sheathed wood shearwalls. Testing 36 groups of different shearwall 
configurations, with three repetitions in each group, it investigates the results of changes in stud 
size, stud spacing, vertical and horizontal orientation of plywood and OSB sheets, finishing 
materials, hold-down devices, and placement of sheathing panels on both sides. The results 
from this program were used to recommend seismic design values for the Load and Resistance 
Factor Design (LRFD) and Allowable Stress Design (ASD) methods. 
Following the completion of the CUREE-Caltech Woodframe project, the NEESWood 
project, funded under the Network for Earthquake Engineering Simulation (NEES) program, was 
launched in 2005 with the main objectives being the development and validation of a 
Performance-based Seismic Design (PBSD) procedure for mid-rise woodframe buildings (van de 
Lindt et al. 2010). This project involved shake table tests of two full-scale light-frame wood 
buildings, a two-story benchmark building (Christovasilis et al. 2007), and a six-story capstone 
building (Pei et al. 2010); numerical modeling (Christovasilis, 2007; Pei and van de Lindt, 2009) 
and development of a PBSD procedure, called Direct Displacement Design (DDD), for 
woodframe shearwall design (Pang et al. 2010). The test results of the NEESWood Capstone 
Building revealed the significance of overturning forces and vertical responses (uplifts) in the 
anchored tied-down system (ATS). As part of the NEESWood project, a 3D structural analysis 
program for wood buildings, called SAPWood, was developed to take into account the out-of-
plane behavior of diaphragms (Pei and van de Lindt, 2010). 
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Building on the foundation of the NEESWood project, a second light-frame wood 
research project, called NEES-Soft, was initiated in 2009 (van de Lindt et al. 2011), its main 
objective being to develop a retrofit procedure for reducing the soft-story collapse risk of light-
frame wood buildings constructed prior to 1970. Currently, the NEES-Soft program is 
investigating the seismic risk of soft-story failure in woodframe buildings using a systematic 
experimental program. The results of this study will be used to improve the understanding of 
collapse mechanisms in woodframe buildings and to provide a performance-based approach for 
the retrofitting of soft-story light-frame wood buildings.  
2.2 Wood Shearwall Tests 
As shearwalls are the primary lateral load resisting elements in light-frame wood 
buildings, numerous shearwall tests have been conducted in recent years to investigate the 
wood shearwall behavior under lateral loading. These experimental studies were conducted in 
static, dynamic or shake table tests. In these tests, the shear strength of the walls and their 
lateral displacements were used to describe the shearwall performance under lateral forces. 
Van de Lindt (2004) published a chronological review of these wood shearwall tests conducted 
prior to 2002, providing a brief summary and the experimental procedure used in each. The key 
light-frame shearwall tests conducted over the past two decades are summarized in the 
following sections.   
2.2.1 Effect of Loading Protocol 
As part of the CUREE research program, Krawinkler et al. (2001) developed a 
displacement control loading protocol, known as the CUREE loading protocol, for reversed cyclic 
tests of light-frame wood shearwalls. More information about this loading protocol, which has 
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become the standard for shearwall and connection tests can be found in Krawinkler et al. 
(2001). Langlois et al. (2004) conducted a series of monotonic and reversed cyclic tests to study 
the effects of various reference displacements, using this protocol, assessing the damage 
associated with different drift levels. Their results indicate that the different reference 
displacements do not considerably influence the overall response of shearwalls during the tests. 
Before the development of the CUREE loading protocol, one of the most common 
loading protocols in experimental studies of light-frame wood structures was the Sequential 
Phased Displacement (SPD) loading that was proposed by Porter (1987). This protocol involves a 
sequence of a large number of reversed cycles with gradually increasing amplitudes between 
phases. These cycles include some cycles with smaller amplitudes called decay cycles. However, 
because of its large number of cycles, the SPD, produces nail fatigue fractures during the wood 
shearwalls tests. The fatigue failure is not the common mode of failure during earthquakes in 
wood shearwalls.  
The International Standard Organization (ISO) also developed a loading Protocol (ISO 
1998) for cyclic test methods of timber structures and components. This protocol involves fewer 
gradually increasing cycles than the SPD in addition to the equal amplitude cycles and no decay 
cycles in each phase of the loading. In the ISO loading protocol, the amplitude of the cycles is 
defined by a reference displacement that corresponds to the ultimate load obtained from 
monotonic tests. The simplicity of the ISO protocol is an advantage for being used in the test 
programs. However, this protocol produces a conservative estimate of the strength and 
deformation capacity of wood shearwalls. 
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Gatto and Uang (2003) investigated the effects of loading protocol on the cyclic response 
of woodframe shearwalls using the CUREE, SPD and ISO loading protocols, concluding that the 
CUREE loading protocol produces the failure modes most similar to the failures observed in 
actual seismic events. All in all, the CUREE protocol is recognized by most researchers as the 
most realistic loading protocol for simulating earthquake loading effects for light-frame 
construction. 
2.2.2 Effect of Uplift Anchorage Restraint 
The effects of hold-down or uplift anchorage restraint on the performance of shearwalls 
have been explored by several researchers (e.g. Salenikovich and Dolan 2003; Seaders 2005; 
White et al. 2009). Salenikovich and Dolan (2003) conducted a series of cyclic tests investigating 
the racking performance of shearwalls under various anchorage conditions and aspect ratios 
using both the SPD and ISO loading protocols. At approximately the same time, Seaders (2005) 
conducted twenty, 2.44 m by 2.44 m (8 ft by 8 ft) shearwall tests of partially anchored walls 
(without hold-down) and fully anchored walls (with hold-downs installed) using the CUREE 
loading protocol and pseudo dynamic loading. More recently, White et al. (2009) tested a series 
of 2.44 m by 2.44 m (8 ft by 8 ft) shearwalls under monotonic, cyclic, and earthquake loads for 
various anchorage conditions. 
The results of these shearwall tests indicate that the failure mode of the fully anchored 
walls was different from that of the partially anchored shearwalls. Failure of the partially 
anchored walls was initiated at the sheathing-to-sill plate connections. In contrast, the initiating 
failure mechanism of the fully anchored shearwalls did not always occur at the sheathing-to-sill 
connections. In addition the results of these studies showed that the partially anchored walls, in 
12 
 
contrast to the fully anchored walls, have lower initial stiffness, lower maximum displacement, 
and lower energy dissipation capacity. These findings were confirmed by Lebeda et al. (2005) in 
their study on the effect of misplaced hold-down anchors using a series of monotonic and cyclic 
tests. Their results indicate a reduction in both the strength and energy dissipation capacity of 
shearwalls with misplaced hold-downs in contrast to the standard built shearwalls without 
misplaced hold-down anchors.  
2.2.3 Effect of Double-Shear Sheathing Connection (Midply Wall) 
Varoglu et al. (2006) developed a shearwall construction technique, referred to as the 
midply wall. They conducted shake table tests on six 2.44 m by 2.44 m (8 ft by 8 ft) midply 
shearwalls using the scaled Kobe and Landers earthquake ground motion records. According to 
the results of their study, the seismic and dynamic shear capacities of these shearwalls were 
estimated to be approximately 2.5 times more than that of the comparable standard shearwalls. 
This is because in midply wood shearwalls, sheathing panels are sandwiched between pairs of 
studs oriented flat-wise and nails are used to connect the studs and sheathing together in a 
double-shear mode (see Figure 2.1), while in standard shearwalls, nails are in the single-shear 
mode. The strength and stiffness of a nail connection in double-shear mode are approximately 
twice of that of the same nail used in single-shear mode. Additionally, in standard shearwalls, 
the sheathing panels are fastened to the narrow face of the studs. As a result, these sheathing 
nails have less edge distance than that of the midply walls, increasing the likelihood of nail tear-
out failure mechanism; thus, a standard shearwall has a lower overall shear strength than the 
midply shearwall of equivalent length and height.  
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2.2.4 Effect of Gravity Load 
Johnston et al. (2006) tested twenty-one, 2.44 m by 2.44 m (8 ft by 8 ft) shearwalls 
under various gravity loads, investigating the effects of vertical load and hold-down anchorage 
on the lateral capacity of shearwalls.  They conducted a series of wall tests on light-frame wood 
shearwalls (with and without hold-downs) subjected to various levels of gravity loading. A 
uniform vertical load was applied to the top of each shearwall and the magnitude of the gravity 
load was varied from zero to full allowable design load where the load increment was equal to 
one quarter of the design load. The results of their study indicated that hold-down anchors 
provided additional energy dissipation capacity when the shearwalls were not subjected to any 
gravity load (i.e. zero vertical loads), while, hold-downs had a marginal effect on the stiffness 
and energy dissipation capacity of the shearwalls subjected to full design gravity load. 
2.2.5 Shake Table Wall Tests 
Shinde and Symans (2010) conducted a series of shake table tests of wood shearwalls 
installed using toggle-braced viscous fluid dampers. The results revealed that adding such 
Figure 2.1: Cross-section of standard and midply walls. (Pang et al. 2009b) 
Figure 2.2:Layout of a typical light-frame wood shear wall 
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dampers provides a significant increase in the seismic resistance of wood shearwalls. This 
addition increases the energy dissipation capacity of the walls while reducing the peak wall 
drifts, thereby reducing the shearwall damage during earthquakes.  
In many previous tests, the shearwalls or buildings were not tested to the point of 
collapse to prevent possible damage to the test equipment and sensors. However, van de Lindt 
et al. (2012) conducted a full-scale shake table collapse test of a shearwall with a garage door 
opening. According to the test data obtained from this study, the collapse inter-story drift of the 
shearwall with a garage door opening was slightly greater that 6%. The collapse test by van de 
Lindt et al. (2012) provided valuable data for improving the nonlinear dynamic modeling of 
woodframe shearwalls which undergo large deformations.  
2.3 Light-frame Wood Building Tests 
There is limited previous research on full-scale light-frame wood buildings as compared 
to wood shearwalls. This is mainly due to the time and costs associated with full-scale building 
tests, which are typically very high compared to shearwall tests.  
The 1994 Northridge earthquake revealed many deficiencies in light-frame wood 
construction, demonstrating the need for full-scale tests to improve the seismic design codes. As 
part of the CUREE-Caltech project, shake table tests of a two-story 6.1 m X 4.9 m (20 ft. X 16 ft.) 
rectangular house were conducted by Fischer et al. (2001). These tests were conducted in 10 
different phases, each including different levels of wall finishing materials (for example gypsum 
wall boards and stucco). The result of this study was used to validate a numerical model 
developed for complete woodframe buildings (Folz and Filiatrault 2002).  In addition, as part of 
the CUREE-Caltech project, shake table tests of a three-story apartment building with a tuck-
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under garage (Mosalam et al. 2002) were conducted to investigate the seismic response of a 
soft-story building.  This represents the only full-scale building test evaluating the soft-story and 
torsion responses of light-frame wood buildings to date.  
 Extending the CUREE-Caltech Woodframe project, the NEESWood project, initiated in 
2005 (van de Lindt et al. 2010), included full-scale shake table testing of a two-story benchmark 
building (Christovasilis et al. 2007) and a six-story capstone building (Pei et al. 2010). The test 
results of the NEESWood capstone buildings have revealed the significance of the overturning 
forces and vertical responses (uplifts) in the anchored tied-down system (ATS).  
Several full-scale shake table tests of North American-style light-frame wood 
construction have been conducted by researchers outside of the United States. A series of full-
scale shake table tests of low-rise woodframe buildings were conducted in Canada to investigate 
the seismic performance of houses in British Columbia (BC) and California (Kharazi 2001). This 
test program consisted of 31 uni-axial shake table tests of full-scale one and two-story wood 
buildings. Another full-scale shake table test of a North American style light-frame wood 
construction was conducted at Tongji University in China in 2003. This test was conducted using 
a full-scale, 3-story wood-concrete hybrid specimen, with a two-story light-frame wood building 
constructed on top of a one-story concrete frame. The main purpose of this test was to 
investigate the dynamic characteristics and seismic performance of this type of hybrid building. 
More information about this investigation can be found in Xiong et al. (2008).  
Previous experimental data and findings, particularly from the CURRE-Caltech and 
NEESWood projects, have provided invaluable information for improving the design and 
modeling of woodframe construction under seismic loading. These projects also revealed that 
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the modeling accuracy of woodframe buildings is highly dependent on the modeling accuracy of 
the shearwall lateral stiffness as well as the diaphragm in-plane and out-of-plane behavior.  
2.4  Shear Wall Models 
Over the past two decades, several numerical models have been proposed to simulate 
the displacement and in-plane shear capacities of wood shearwalls under lateral loading.  Some 
of the noteworthy numerical models developed in the past for wood shearwalls are elaborated 
upon in the following paragraphs.    
One of the early models is the set of formulas developed by Easley et al. (1982) for 
characterizing the behavior of sheathing to frame fasteners and shearwalls. Their formulas are 
appropriate for modeling the behavior of shearwalls sheathed with plywood or other sheathing 
materials (e.g. OSB) in both the linear and nonlinear ranges.  
About the same times, Itani and Cheung (1984) developed a finite element model for 
analyzing shearwalls and diaphragms with openings and different sheathing arrangements. This 
model utilized the beam element to model the framing members and the plane-stress elements 
to model the sheathing panels. To model the fasteners, this model used the load-displacement 
curves fitted from the measured nail load-slip properties obtained from connection tests.  
Gupta and Kuo (1985) proposed a simple shearwall model that considers the shear 
deformation of walls and stud bending assuming a sinusoidal deformed shape for the stud. In 
this model, top and sill plates (horizontal framing members) are modeled as rigid elements (i.e. 
no bending), while the latter was assumed to be rigidly attached to the ground. According to 
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their analysis, the flexibility of the studs was found to play a secondary role in the global force- 
deformation behavior of wood shearwalls.  
McCutcheon (1985) predicted the in-plane shear behavior (force versus displacement 
curve) of wood shearwalls by solving for the deformations of the wall components (panels and 
studs) using an energy method. According to his results, the racking behavior of shearwalls is 
primarily governed by the load-slip behavior of the sheathing to frame fasteners (sheathing 
nails). This finding is consistent with the study by Gupta and Kuo (1985). Subsequently, Patton-
Mallory and McCutcheon (1987) extended this model to predict the behavior of shearwalls 
sheathed with panels on both sides. In this model, asymptotic fastener curves were used to 
model the load-slip response of the sheathing nails.  About the same time, Gutkowski and 
Castillo (1988) developed a model for nonlinear analysis of single and double sheathed walls. In 
addition to the use of nonlinear fastener elements for modeling the sheathing nails, this model 
was capable of considering the framing to framing connectors (framing nails) with a linear 
spring. Bearing contacts between the panels were modeled with nonlinear gap elements.  
More recently, Filiatrault (1990) proposed a simple model to predict the response of 
wood shearwalls under static and earthquake loads. The model is capable of performing a 
dynamic time history analysis of a shearwall with a seismic weight applied to its top. In addition, 
Dolan and Foschi (1991) developed a numerical model for the nonlinear analysis of wood 
shearwalls, modeling the nonlinear behavior of sheathing nails with a three degree of freedom 
(3-DOF) zero-length link element. The geometric nonlinearities of sheathing panels due to the 
bending and buckling of the sheathing panels were represented by a cubic polynomial equation. 
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This model is capable of considering the bearing contact between adjacent sheathing elements 
with a bilinear connector element.  
Based on the earlier work by Filiatrault(1990), Folz and Filiatrault (2001) proposed a 
model to predict the cyclic load-displacement and energy dissipation of wood shearwalls with or 
without openings under arbitrary quasi-static cyclic loading. They named the program CASHEW 
(Cyclic Analysis of Shearwalls). In the CASHEW program, one of the most widely used analysis 
tools in the timber and earthquake engineering community in recent years, the sheathing to 
framing connectors (sheathing nails) are characterized by a hysteretic model, the CUREE 
hysteretic model, which considers both pinching and strength and stiffness degradations. The 
framing members are modeled as rigid members with one degree of freedom (DOF), and the 
sheathing panels are modeled as shear panels with four degrees of freedom (two DOFS for in-
plane displacements, one for in-plane rotation and one for shear deformation). The CASHEW 
program, which can be used to predict the nonlinear response of wood shearwalls under quasi-
static monotonic or cyclic loading, is one of the most advanced shearwall models for accurately 
predicting the capacity of engineered shearwalls. However, since it assumes full anchorage in 
the shearwall (i.e. no uplift in end post). It is only applicable for modeling fully anchored 
engineered shearwalls. Building on the success of the CASHEW program, an improved shearwall 
model which can be used to analyze both engineered (with hold-down) and conventional 
(without hold-down) shearwalls was developed for the research in this thesis study. More 
details on the formulation of this new sherawall model are provided in Chapter Four. 
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2.4.1 Oriented Connection Model 
In the CASHEW program, each sheathing nail connection is modeled using a pair of 
orthogonal nonlinear springs having a fixed orientation. A research study conducted by Judd 
(2005) showed that the shearwall models formulated with such orthogonal springs tend to over 
predict the lateral capacities observed in shearwall tests. To avoid this over-prediction, Judd and 
Fonseca (2005) developed an oriented connection model for modeling wood shearwalls and 
diaphragms under monotonic and cyclic loading. This new connection model characterized the 
sheathing nails as a pair of oriented orthogonal nonlinear springs. In this oriented connection 
model, the initial displacement trajectory of the sheathing nails obtained under a small initial 
loading step is used to orient the two orthogonal springs. This orientation is kept constant 
throughout the time history or reversed cyclic analysis. This new modeling assumption appears 
to provide more accurate predictions of shearwall responses than the studies that do not 
consider the initial trajectory orientations of the sheathing nails. Because of its accuracy, the 
oriented connection model is implemented in the new shearwall model developed for this thesis 
(see Chapter Four). 
2.5 Building Models 
He et al. (2001) developed a nonlinear finite element model to study light-frame wood 
buildings under static loading conditions. The model is capable of analyzing single- or double-
sided sheathed walls with window and door openings. In-plane concentrated loads and out-of- 
plane distributed loads can also be analyzed by the model.  
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The CASHEW program used for modeling shearwalls was developed as a companion 
program to the SAWS (Seismic Analysis of Woodframe Structure) program, a dynamic time 
history program for light-frame wood buildings (Folz and Filiatrault 2004 a,b). In the SAWS 
program, diaphragms are modeled as rigid plates with only in-plane degrees of freedom (i.e. 
two in-plane translational and one rotational DOFs), and each shearwall in the building is 
modeled as a zero-height spring element which is used to connect two adjacent diaphragms 
together or to connect the floor diaphragm to the foundation (Figure 2.3). Although the SAWS 
program can be used to model multi-story woodframe buildings, shearwalls are modeled with 
zero-height spring elements, and the vertical response of shearwalls (e.g. end post or stud 
uplifts) are not considered. In the mathematical formulation of the SAWS model, the different 
levels of floor and roof diaphragms are assumed to occupy the same two-dimensional (2D) 
space. In other words, the SAWS model is a 2D model. However, it is sometimes referred to as a 
pseudo 3D or a pancake model. Since the shearwalls are assumed to be fully anchored and the 
vertical deformations are not considered, the SAWS program is only applicable for analyzing the 
seismic responses of low-rise wood buildings.  
 
Figure 2.3: SAWS model assumptions. 
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To address the limitation of the SAWS program, Pei and van de Lindt, (2007) developed 
a seismic analysis package for mid-rise woodframe structures called SAPWood. The SAPWood 
program was developed with the same key modeling assumption of the SAWS program, namely 
diaphragms are modeled as rigid plates. However, unlike the SAWS program which is a 2D 
model, in the SAPWood program, rigid body translations and rotations of diaphragms in 3D 
space are permitted. Each diaphragm has six degrees of freedom, three translations and three 
rotations. SAPWood, which also has the ability to model the uplift of the ATS and bearing 
deformation of the wood studs or end posts by using bilinear vertical springs, is capable of 
performing both nonlinear seismic structural and economic loss analyses of woodframe 
structures subject to earthquakes. Although it addresses some of the limitations of the SAWS 
model, it tends to under-predict the uplift in the walls since diaphragms are modeled as 
completely rigid both in-plane and out-of-plane. Additionally, the SAPWood model is formulated 
based on the small rotation theory, and P-Δ effects are not considered. Therefore, it might not 
be suitable for collapse analysis in which buildings usually undergo large deformations prior to 
collapse.  
Ayoub (2007) proposed a nonlinear seismic model for wood building structures which 
specifically considers the degradation and pinched hysteretic behavior of shearwalls. For 
modeling the shearwalls, three types of elements are used in this model: shell elements for 
modeling the panels, beam elements for the framing members, and nonlinear degrading 
interface elements for the fasteners.  Energy-based degrading constitutive laws that include four 
types of degradations strength, unloading stiffness, accelerated stiffness, and strength cap 
degradations are used to evaluate the global behavior of the wood structures.  
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Christovasilis (2010) proposed a new numerical framework for nonlinear inelastic, static 
and dynamic analysis of multi-story light-frame wood shearwalls. The diaphragms between the 
stories are modeled as rigid bodies with three DOFs.  The interactions of each shearwall with the 
adjacent diaphragms are evaluated through a detailed model which specifically accounts for 
deformation of the framing members, the contact/separation among framing members, the P-Δ 
effects, and the different levels of anchorage conditions. This model is capable of simulating 
small and large deformations in the lateral response of wood shearwalls up to the collapse 
point. Different shearwall configurations, including walls with openings and fully sheathed 
shearwalls, can also be considered. This model has been used to model a two-story stacked 
shearwall tested under pseudo dynamic earthquake loading. Good agreements were observed 
between the model predicted and the test recorded displacement time histories. However, due 
to its complexity, the computational overhead is very high. Thus, it has not been utilized to 
model a complete building.  
2.6 Probabilistic Seismic Analysis 
Most of the structural reliability and probabilistic seismic analyses to-date have been 
conducted for steel and reinforced concrete structures (e.g., Haselton and Deierlein 2007; Ibarra 
2003; Wang and Wen 2000; Ellingwood et al. 1982). Fewer studies are available for the light-
frame wood structures (e.g., Rosowsky and Ellingwood 2002, Ellingwood et al. 2008, Pang et al. 
2009), and among them a fragility framework is often used to evaluate the seismic performance 
of woodframe structures.  
Ellingwood et al. (2008) and Pang et al. (2009) developed seismic fragility curves for 
conventional (non-engineered) one- and two-story light-frame wood residential buildings 
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located in the Central and Eastern United States. These fragility curves were developed for three 
failure limit states: excessive transient inter-story drift, sill plate splitting and wall uplift. In these 
two studies, both the aleatoric (inherent) and epistemic (knowledge-based) uncertainties were 
considered.  
Many past reliability and fragility studies of light-frame wood buildings focused on the 
ground motion uncertainties. The influence of material uncertainty and shearwall resistance 
uncertainty on the seismic performance of woodframe buildings remains largely unexplored. Yin 
and Li (2010) investigated the effects of uncertainty in the structural capacity of shearwalls on 
the seismic collapse of wood buildings. They studied the influence of shearwall uncertainty on 
the seismic performance of woodframe buildings by modeling the force-displacement response 
of shearwalls with the MSTEW model (Folz and Filiatrault 2001) and assuming that the MSTEW 
parameters were normally distributed with assumed dispersion values. The study revealed that 
in addition to the spectral shape of ground motions having a significant effect on the collapse 
risk of light-frame wood structures, other sources of uncertainty (resistance and modeling) 
should also be considered.  
 Lam et al. (2012) performed a reliability study of post-and-beam timber buildings using 
a response surface methodology.  In their study, different combinations of uncertainty such as 
variability in the ground motions and seismic mass were considered.  The results of this study 
revealed that, in addition to the ground motion uncertainty, building eccentricity ratio should 
also be investigated and considered when performing reliability analyses of timber buildings.  
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2.7 Summary 
The results of the full-scale light-frame wood shearwall and building tests summarized in 
this Chapter provided the basis for the development of specialized numerical models for wood 
shearwalls and buildings. Among them, the SAPWood and the CASHEW/SAWS programs 
package are widely used by many researchers. These two models assume that the framing 
members of shearwalls are rigid and the bottom plate is fully anchored to the foundation. In 
addition, the separation of framing members is not considered. To address these modeling 
limitations, a new shearwall model which specifically considers the uplift and bearing contact 
between the framing members, the influence of gravity loads or the P-delta effect was 
developed (discussed later in Chapter Four).  
One of the key objectives of this research was to investigate the impact of wall-to-wall 
uncertainty on the seismic performance of woodframe buildings. To quantify this shearwall 
resistance uncertainty, the new shearwall model was modified to allow random assignment of 
connection properties within a wall discussed in Chapter Six. To facilitate the development of 
this new shearwall model with random connection properties, a series of sheathing nails, 
framing nails and hold-down tests were conducted to quantify the variability in the connections. 
The detail and results of shearwall connection tests are discussed in the next chapter. 
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Chapter 3. SHEARWALL CONNECTION TEST and PARAMETERS ESTIMATION 
3.1 Introduction 
As discussed in the previous chapter and as observed in many previous numerical 
studies (e.g. Gupta and Kuo 1985; Folz and Filiatrault 2001; Dolan and Foschi 1991), the 
nonlinear response of wood shearwalls is primarily attributed to the nonlinear shear-slip 
response of the connections (i.e. sheathing nails, framing nails and hold-downs).  
The nonlinear hysteretic response of a sheathing nail depends on its properties (type, 
diameter and length), side member (sheathing material and thickness), and main member 
(lumber species). While these sheathing-to-framing connections or sheathing nails have been 
investigated by many researchers (e.g. Fonseca et al. 2002; Ekiert and Hong 2006; Durham 1998; 
Fischer et al. 2001; Dolan 1989), not all sheathing nail combinations (for example nail type, 
panel type and thickness) were tested or were tested using an appropriate cyclic loading 
protocol for seismic analysis. A comprehensive list of commonly used sheathing nail connections 
was tested by Fonseca et al. (2002) as part of the CUREE-Caltech project (Task 1.4.8.1). 
However, many of these sheathing nail connections tested in CUREE Task 1.4.8.1 failed 
prematurely due to the nails being placed too close to the edge of the sheathing panel, resulting 
in overly conservative test results. Furthermore, many past nail tests reported only summary 
results (e.g. the mean nail parameters), while and the actual probability distribution of each nail 
parameter is not made available.  
Since the past connection tests did not provide adequate statistical data to study 
shearwall resistance uncertainty, a series of cyclic tests of sheathing nails, framing nails and 
hold-downs (with multiple samples) were conducted.  Several hysteretic models were also 
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developed to fit the force-displacement hysteresis loops obtained from these tests. Listed below 
is a summary of the connection tests and parameter extractions performed in this study: 
• Four sheathing nail configurations with varying nail type and OSB thicknesses were tested. 
The results were fitted to two hysteretic models. In addition, four sets of sheathing nail 
parameters were fitted using the results of sheathing nail tests conducted by Ekiert and 
Hong (2006), and Fischer et al. (2001). 
• Two framing nail configurations were tested: (1) face-nailing for connecting two framing 
members in parallel (e.g. double-end stud or double-top plate) and (2) end-nailing of two 
framing members perpendicular to each other (e.g. top plate to stud connection). A new 
end nail hysteretic model was developed to fit the force versus pull-out displacement 
curves.   
• One type of hold-down (USP1 hold-down model TDX5) was tested and a new hold-down 
hysteretic model was developed to fit the test results. In addition, a set of hysteretic 
parameters were fitted to the hold-down type HTT22 (manufactured by Simpson Strong-
Tie). For the HTT22 hold-down, data obtained from the CUREEE Task 1.4.4 wall tests 
(Pardoen et al. 2003) were later utilized in subsequent shearwall modeling work.    
• The anchor bolt test results obtained by Fennell et al. (2009) were used to fit hysteretic 
parameters for anchorbolts.  
The connection test data and the extracted connection parameters presented in this chapter 
were subsequently used to model and estimate the capacity uncertainty of shearwalls as 
explained in Chapters Five and Six 
                                                          
1
 The hold-downs were manufactured by USP Structural Connectors®.  
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3.2 Sheathing Nail Tests  
A series of cyclic nail tests were conducted in the structural laboratory at Clemson 
University to quantify the inherent variability in the shear slip responses of sheathing nails. No. 2 
spruce-pine-fir (SPF) studs were used for all the framing members, and locally purchased 
oriented strand boards (OSBs) of different thicknesses of 11.11 mm and 15.10 mm (7/16 in and 
19/32 in) were used in the sheathing nail tests.  The end distances for both the OSBs and the 
studs were 63.5 mm (2.5 in). Table 3.1 shows the sheathing nail test matrix.  Note that 16d 
sinker nails are not typically used as sheathing nails. In the new midply shearwall developed by 
Varoglu et al. (2006) (see Chapter Two, Section 2.2.3), designated S12D nails with 3.1 mm (0.12 
in) diameter and 82 mm (3.2 in) length were used as the sheathing nails to achieve a double-
shear connection
2
. The dimensions of these S12D nails are similar to that of the 16d sinker nails. 
Thus, the 16d sinker nails were used in the double-shear sheathing nail tests. The primary 
purpose of the double-shear connection tests was to provide data for modeling midply 
shearwalls. 
Table 3.1: Sheathing nail test matrix.  
Test ID Type of test 
OSB 
Thickness 
(mm) 
Stud size  
(mm) 
Nail 
Type 
Diameter 
(mm) 
Length 
(mm) 
P2FS10dC14 Single Shear 11.11 38.1 x 88.9 10d common 3.68 76.20 
P2FD16dS14 Double Shear 11.11 38.1 x 88.9 16d sinker 4.04 82.55 
P2FD16dS19 Double Shear 15.10 38.1 x 88.9 16d sinker 4.04 82.55 
P2FS16dS14 Single Shear 11.11 38.1 x 88.9 16d sinker 4.04 82.55 
 
                                                          
2
 In midply shearwalls, sheathing panels are sandwiched between two studs oriented in a flat-wise 
manner (See Figure 2.1).  For a midply wall constructed using 2x4 studs and 15.10 mm (19/32 in.) thick 
OSBs, the total thickness of the stud-OSB-stud double-shear connection is 91.18 mm (3.59 in.). To obtain 
adequate penetration depth into the second stud, the 16d sinker nail (or a similar nail length) is used in 
midply construction because it is longer than 8d and 10d common nails. 
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Table 3.2 shows the test matrix of the additional sheathing nail connections tested by 
other researchers (Ekiert and Hong 2006; Fischer et al. 2001); these test data were used in this 
study to fit the hysteretic parameters needed for the modeling of the selected wood shearwalls 
represented in Chapters Five and Six.  
Table 3.2: Selected sheathing nail tests by Ekiert and Hong (2006) and Fischer et al. (2001). 
Test ID Type of test 
OSB 
Thickness 
(mm) 
Stud size 
(mm) 
Nail 
Type 
Diameter 
(mm) 
Length 
(mm) 
P2FS8dC14
1
 Single Shear 11.11 38.1 x 88.9 8d common 3.33 63.50 
P2FS10dC24
1
 Single Shear 19.05 38.1 x 88.9 10d common 3.76 76.20 
P2FS10dC14
1
 Single Shear 11.11 38.1 x 88.9 10d common 3.33 76.20 
P2FS8dB14
2
 Single Shear 11.11 38.1 x 88.9 8d box 3.05 63.50 
1  
Tested by Ekiert and Hong (2006) 
2  
Tested by Fischer et al. (2001),  
 
3.2.1 Test Setup 
Figure 3.1a shows the test setup used for the double-shear sheathing nail tests listed in 
Table 3.1. As can be seen in this Figure, the sheathing material was fastened to the wide face of 
the studs, creating the double-shear connection used in the midply shearwalls developed by 
Varoglu et al. (2006).  Figure 3.1b shows the single-shear sheathing nail test setup for the 
standard shearwall construction. For the standard shearwalls, the sheathing panel is fastened to 
the narrow face of the studs. 
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3.2.2 Loading Protocol 
The CUREE loading protocol (Krawinkler et al. 2001), a displacement control loading 
protocol, was utilized in the sheathing nail tests. For this protocol, a reference displacement, ∆r, 
must be determined for each connection prior to the cyclic nail tests. This reference 
displacement, ∆r, was determined based on the results of three monotonic tests for each 
connection configuration (nail type and panel thickness combination). This force versus 
displacement curve obtained from a monotonic test is commonly known as the backbone curve. 
As this curve in Figure 3.2 shows from the backbone curve of each monotonic test, the post peak 
displacement associated with 80% of the maximum force (Fmax) was computed. The reference 
Figure 3.1: Sheathing nail test setup. 
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displacement was calculated as 60% of the displacement at 0.8 Fmax. A reference displacement 
was then determined for each of the three monotonic tests. The mean, ∆r, of these three tests 
was used as the reference displacement for the cyclic tests in this study. 
 
In the CUREE loading protocol, the reference displacement, ∆r, is used as a reference 
point to determine the amplitude of all cycles, both primary and trailing. Each cycle has equal 
positive and negative amplitudes (Figure 3.3). Each primary cycle is followed by two to six 
trailing cycles with amplitudes equal to 75 % of the corresponding primary cycle. The loading 
history begins with six cycles with an amplitude of 0.05∆r to check the test equipment.  The 
CUREE loading protocol is given in Table 3.3 and the normalized CUREE loading protocol cycles, 
normalized to the reference displacement, are shown in Figure 3.3. 
 
 
 
 
 
Figure 3.2: Definition of Δr. 
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Table 3.3: CUREE loading protocol cycles. 
Primary Cycles Trailing Cycles 
  Amplitude  
(x ∆r) 
  Number 
Amplitude 
(x Primary Cycles) 
  Number 
0.05 6 - 0 
0.075 1 0.75 6 
0.1 1 0.75 6 
0.2 1 0.75 3 
0.3 1 0.75 3 
0.4 1 0.75 2 
0.7 1 0.75 2 
1.0 1 0.75 2 
1.5 1 0.75 2 
2.0 1 0.75 2 
 
Figure 3.4 and Figure 3.5 show the monotonic load-displacement curves for the 16d 
sinker nail and 11.11 mm (7/16 in) thick OSB double-shear connection (P2FD16dS14) and the 
16d sinker nail and 15.10 mm (19/32 in) thick OSB double-shear connection (P2FD16dS19) tests, 
respectively. For the double-shear sheathing nail test shown in Figure 3.4, the post peak 
displacement associated with 80% of the maximum force (Fmax) was equal to 30.5 mm (1.20 in). 
Figure 3.3: CUREE loading protocol cycles. 
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The reference displacement, ∆r, was computed as 60% of the ultimate displacement, ∆r = 18.30 
mm, (0.72 in).   
 
 
3.3 Hysteretic Models 
The measured force-displacement response of each sheathing nail needs to be fitted with 
hysteretic spring models to serve as input for the numerical models. Several hysteretic models 
have been developed in the past for modeling the hysteresis loops of cyclic nail tests. Two such 
Figure 3.5 : Monotonic load displacement curve P2FD16dS19 (Double-shear connection). 
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Figure 3.4: Monotonic load displacement curve P2FD16dS14 (Double-Shear connection). 
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models are the Modified Stewart Hysteretic (MSTEW) model (a.k.a. the CUREE Model) 
developed by Folz and Filiatrault (2001) and the Evolutionary Parameters Hysteretic Model 
(EPHM) developed by Pang et al. (2007). These two models were used to fit the cyclic hysteresis 
loops of the sheathing nail tests for this study. 
3.3.1 MSTEW Model   
The MSTEW model was developed by Folz and Filiatrault (2001) based on the initial 
hysteretic model proposed by Stewart (1987) for modeling the seismic response of shearwalls. 
Since then, it has been widely used by the timber and earthquake engineering research 
community to model the nonlinear response of sheathing nails and shearwalls (e.g. Folz and 
Filiatrault 2001; Judd and Fonseca 2005; Pang et al. 2010; Pei and van de Lindt 2010). The 
MSTEW consists of ten parameters, , , , , , 	, 	
, ∆, α, and β . The ten modeling 
parameters are depicted graphically in Figure 3.6.  
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The nonlinear backbone envelope curve of the MSTEW model is represented by the 
following five-parameter equation: 
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Figure 3.6: MSTEW model parameters. 
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where, Ko = initial stiffness, Fo = force intercept of the asymptotic line, δ = deformation, r1Ko = 
asymptotic stiffness under monotonic load, δu = deformation at ultimate load, Fu = ultimate 
load, and  r2Ko = post ultimate strength stiffness under monotonic loading. 
This hysteretic model is capable of capturing the nonlinear load-slip responses of 
sheathing nails. The MSTEW model accounts for both the load and stiffness degradation of the 
connections under reversed cyclic loading. More information on the MSTEW model can be 
found in (Folz and Filiatrault 2001).  The hysteretic loops obtained from the cyclic nail tests of 
the sheathing nails for this study were fitted to the MSTEW model. 
It should be noted that the MSTEW model is a symmetric model while the actual test 
hysteresis loops are usually slightly asymmetric. To account for the asymmetry effects, for each 
test hysteresis, a set of ten parameters were fitted separately to the hysteresis in the positive 
and negative quadrants. In addition, a set of ten parameters were fitted to the average 
responses of the positive and negative quadrants. This resulted in three sets of MSTEW 
parameters for each cyclic test. As an illustrative example, Table 3.4 shows the statistics of the 
MSTEW parameters fitted to the hysteresis of the 10d common sheathing nails (P2FS10dC14). 
This test had a main member thickness of 38.1 mm (1.5 in.) and an OSB thickness of 11.11 mm 
(7/16 in.). The fitted MSTEW parameters for all the sheathing nails listed in Table 3.1 and Table 
3.2 are provided in Appendix A. The mean, standard deviation, and coefficient of variation of the 
fitted MSTEW parameters for each set of tests are provided at the bottom of each these tables 
in Appendix A. 
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Table 3.4:MSTEW parameters for 10d common sheathing nails (P2FS10dC14). 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β 
 (N/mm)    (N) (N) (mm)  
Test-1 1266 0.074 -0.102 1.01 0.013 951 279 9 0.69 1.1 
Test-2 3049 0.029 -0.098 1.01 0.006 1455 428 8 0.73 1.1 
Test-3 3111 0.030 -0.026 1.01 0.001 1112 272 8 0.76 1.2 
Test-4 1296 0.057 -0.097 1.06 0.005 1528 292 9 0.80 1.2 
Test-5 2613 0.053 -0.101 1.01 0.004 1114 204 8 0.70 1.1 
Test-6 2320 0.053 -0.076 1.01 0.005 831 286 9 0.74 1.2 
Test-7 1662 0.038 -0.200 1.01 0.006 1625 149 8 0.73 1.1 
Test-8 2734 0.031 -0.035 1.01 0.001 1164 166 9 0.76 1.2 
Test-9 1102 0.070 -0.117 1.04 0.005 1528 292 10 0.71 1.2 
Test-10 2841 0.053 -0.101 1.01 0.004 1114 254 8 0.70 1.2 
Test-11 1393 0.062 -0.155 1.01 0.014 673 227 9 0.72 1.1 
Test-12 8121 0.025 -0.013 1.01 0.001 1093 355 4 0.74 1.1 
Test-13 4367 0.018 -0.019 1.01 0.002 1115 216 9 0.74 1.3 
Test-14 3531 0.042 -0.040 1.01 0.002 1054 308 8 0.65 1.1 
Test-15 2841 0.053 -0.101 1.01 0.004 1114 254 8 0.70 1.2 
Mean 2816 0.046 -0.085 1.02 0.005 1165 265 8 0.72 1.2 
STD 1742 0.017 0.052 0.01 0.004 266 71 1 0.04 0.1 
COV 0.62 0.37 0.61 0.01 0.81 0.23 0.27 0.16 0.05 0.05 
Nail diameter = 3.68 mm (0.145 in.), Length = 76.20 mm (3.00 in.) 
Note that the fitted MSTEW parameters varied among nominally identical test samples. 
For instance, in Table 3.4, the parameter ko varied from 1100 N/mm (6.28 kip/in) to 8100 N/mm 
(46.25 kip/in) which indicated that the initial stiffness of the 10d common sheathing nails were 
highly variable. Figure 3.7 shows the fitted MSTEW curves for the 10d common sheathing nails 
and 11.11 mm thick OSB (P2FS10dC14), with the remaining fitted MSTEW curves for other types 
of connections shown in Appendix B. As seen in Figure 3.7 the measured responses of the 
individual connections varied from sample to sample, some having higher strengths than the 
others and some being more ductile. These differences indicate that using the mean and 
deterministic connection properties in the numerical models would neglect the inherent 
randomness of the connections. This variability in the sheathing connectors can also be seen 
from the dispersion in the fitted MSTEW parameters shown in Table 3.4, particularly in the initial 
stiffness parameter, Ko. For this reason multiple connection tests were conducted to quantify 
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the inherent variability in the shear slip responses of the sheathing nails, framing nails, and hold-
downs.  
 
3.3.2 EPHM Model 
In addition to the MSTEW model, the EPHM (Pang et al. 2007) was also used to fit the 
measured responses of individual connections.  In this model a set of exponential functions are 
utilized to model the nonlinear loading and unloading paths of the cyclic curves. The EPHM 
model, which is highly flexible, can be used to model a wide range of nonlinear hysteresis 
shapes and degradation characteristics. In addition, the model can be used with different 
loading protocols and is very useful for the collapse analysis of wood shearwalls.  The EPHM 
Figure 3.7: MSTEW model fitting (P2FD16dS14). 
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model consists of seventeen parameters Ko, Kd, F0, Dx, Kx, Fx, fx, Kd, F0, Dx, Kx, Fx, fx, Kfi, Kλ, Λ, and 
Xλ, which were used to fit the hysteretic loops obtained from the cyclic nail tests. Figure 3.8 
shows the loading and unloading paths of the EPHM model.   
 
Figure 3.8: EPHM model parameters (Pang et al. 2007). 
 
(a) Unloading curve model 
(b) Loading curve model 
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Figure 3.9 shows the fitted EPHM curves for the P2FD16dS19 connections, with the 
remaining fitted EPHM curves for other types of connections are shown in Appendix B. As can be 
seen in the Figure 3.9, the EPHM backbone curves provide a better post-peak fit for the test 
data than the MSTEW model. In addition, compared to the MSTEW model, the EPHM model is 
able to better capture the shape of the actual nonlinear loading and unloading paths. However, 
due to the expensive use of nonlinear loading and unloading equations, the computational 
overhead of EPHM is higher than the MSTEW model.  
 
Figure 3.9: Test and EPHM model hysteresis for 16d Sinker sheathing nails in double-shear 
(P2FD16dS19). 
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More information about this model and its parameters can be found in Pang et al. 
(2007). The results of the fitted EPHM parameters for all the connectors are shown in Table A.8 
to Table A.11.  
3.4 Framing Nail Tests  
A series of cyclic nail tests were conducted in the structural laboratory at Clemson 
University to quantify the inherent variability in the shear slip responses of framing nails. Two 
types of connections were tested: face-nailing of two framing members in parallel, and end-
nailing of two framing members perpendicular to each other. No. 2 spruce-pine-fir (SPF) studs 
were used for all the framing members. Table 3.5 shows the framing nail test matrix. 
Table 3.5: MSTEW parameters for  10d common framing nails. 
Test ID Type of test 
Stud size  
(mm) 
Nail 
Type 
Diameter 
(mm) 
Length 
(mm) 
F2Fpar10dC Parallel Studs 38.1 x 88.9 10d common 3.68 76.20 
F2Fper10dC End nail 38.1 x 88.9 10d common 3.68 76.20 
 
3.4.1 Framing Nail (Face-nailing) 
Figure 3.10 illustrates the test setup for the 10d common nails (3.68 mm diameter × 
76.2 mm long) used to connect two framing members in parallel (e.g., double-end studs or 
double-top plates). For fitting the test data of the framing nail (face-nailing) both the MSTEW 
and EPHM models explained in the previous sections were used to fit the test data. Table 3.6 
shows the fitted MSTEW parameters to the face-nailing framing nail test data. The parameters 
fitted using the test data, presented in Table 3.6, were used to develop the probability 
distributions of the MSTEW parameters for the framing nails in Chapter Six. In addition, these 
data were used in the modeling of the wood shearwalls discussed in Chapter Five. 
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Table 3.6: MSTEW parameters for 10d common face-nailing framing nails (F2Fpar10dC). 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β 
 (N/mm)    (N) (N) (mm)  
Test-1 1250 0.025 -0.047 1.03 0.005 1056 158 12 0.95 1.2 
Test-2 793 0.032 -0.055 1.24 0.006 1228 156 15 0.89 1.1 
Test-3 803 0.063 -0.068 1.24 0.004 975 99 10 0.85 1.1 
Test-4 671 0.044 -0.050 1.03 0.003 1073 102 6 0.85 1.1 
Test-5 965 0.027 -0.069 1.05 0.005 1145 238 11 0.85 1.3 
Test-6 889 0.027 -0.058 1.25 0.007 1165 150 13 0.85 1.2 
Test-7 797 0.033 -0.046 1.03 0.006 1210 157 12 0.90 1.1 
Test-8 1200 0.029 -0.030 1.32 0.003 848 200 10 0.89 1.1 
Test-9 868 0.030 -0.053 1.28 0.012 1353 189 7 0.74 1.0 
Test-10 750 0.041 -0.038 1.28 0.007 1104 148 8 0.95 1.3 
Test-11 669 0.027 -0.100 1.21 0.008 1332 204 15 0.75 1.1 
Test-12 621 0.039 -0.108 1.07 0.009 1048 214 15 0.80 1.2 
Test-13 522 0.037 -0.089 1.03 0.008 1357 149 9 0.85 1.1 
Test-14 550 0.065 -0.028 1.42 0.004 675 90 10 0.85 1.1 
Test-15 1139 0.060 -0.065 1.38 0.004 1321 189 10 0.89 1.2 
Mean 832 0.039 -0.060 1.19 0.006 1126 163 11 0.86 1.1 
STD 225 0.014 0.024 0.14 0.002 193 43 3 0.06 0.1 
COV 0.27 0.35 0.39 0.12 0.41 0.17 0.27 0.26 0.07 0.07 
 
3.4.2 Framing Nail (End Nailing) 
End nails are commonly used to fasten two framing members together at a 90-degree 
angle. This connection is an inherently weak connection in withdrawal because the load is 
applied parallel to the length of the nail, but it has a relatively good shear resistance under 
Figure 3.10 :Face-nailing framing nail test setup. 
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transverse loads. Figure 3.11 shows the layout of the end nail connections tested in this study. A 
new hysteretic model was subsequently developed to fit the data of these end nail tests.  
3.4.3 End Withdrawal Spring Model 
The nail withdrawal model (HD2) utilized in this study is modified from the modified Stewart 
hysteretic model (MSTEW) developed by Folz and Filiatrault (2001). Similar to the MSTEW 
model, the nail withdrawal model has ten modeling parameters (Ko, r1, r2, r3, r4, Fo, Fi, δu, α, and 
β) as depicted graphically in Figure 3.11. 
 
The primary difference between the MSTEW and the HD2 models is that the former is a 
symmetrical hysteretic model while the nail withdrawal spring utilized in this study is an 
asymmetrical hysteretic model. Consider the loading sequence shown in Figure 3.11. When 
loading for the first time along path OA with positive displacement (i.e. withdrawal), the force 
and displacement relationship follows the nonlinear equation as expressed in Eqn. 3-1. All other 
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Figure 3.11: Nail withdrawal (HD2) model. 
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paths are assumed to follow a linear force versus displacement relationship. For example, the 
unloading path AB has a constant stiffness r3Ko. Continued unloading into the negative 
displacement domain follows a pinched line along path BC which passes through a zero-
displacement intercept Fi and with stiffness r4Ko. Note that in the MSTEW model, loading for the 
first time in the negative displacement domain would follow the nonlinear backbone 
relationship as described in Eqn. 3-1. This rule is not applied in the nail withdrawal (HD2) model. 
The force and displacement relationships in the negative domain are governed by two pinched 
lines (paths BC and DE) and the reloading path CD between the two pinched lines with stiffness 
r3Ko. All other loading rules in the positive displacement domain are the same as the MSTEW 
model (Folz and Filiatrault 2001). Table 3.7 shows the results of the fitted HD2 nail withdrawal 
parameters to the end nail test data. Note that some of the parameters for the HD2 model, such 
as ru, r1, and rr, were kept constant while other parameters were determined based on the 
variation in the measured force versus displacement responses. The ru, r1, and rr, were kept 
constant because these parameters do not significantly affect the overall response of the fitted 
hysteresis loops. 
Table 3.7: HD2 parameters for 10d common end nail connections (F2Fper10dC). 
 K0 F0 Fi Du r1 rd ru rl rr ri 
 (kN/mm) (kN) (kN) (mm)      
Test-1 5.25 0.89 -0.20 5 0.0011 -0.00400 1.0 0.95 0.15 0.0002 
Test-2 5.69 0.88 -0.85 5 0.0011 -0.00420 1.0 0.95 0.15 0.0018 
Test-3 5.95 0.41 -0.78 3 0.0051 -0.00410 1.0 0.95 0.15 0.0001 
Test-4 6.04 0.73 -0.76 4 0.0015 -0.00400 1.0 0.95 0.15 0.0009 
Test-5 6.30 0.53 -1.50 3 0.0031 -0.00710 1.0 0.95 0.15 0.001 
Mean 5.85 0.69 -0.82 4 0.0024 -0.0047 1 0.95 0.15 0.0008 
STD 0.40 0.21 0.46 1 0.0017 0.0014 0 0 0 0.0007 
COV 0.07 0.31 0.56 0.25 0.73 0.29 - - - 0.86 
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3.4.4 Contact Model 
A nonlinear contact hysteretic spring element (CT) was developed in this study to model the 
bearing contact and separation (gap) between the shearwall components (e.g. in end nail and 
hold-down connections). This contact element, which can be used to model the interface 
between the framing members, between the sheathing panels, between the frames and 
foundation, and between the panels and foundation, was used here to model the contact forces 
in hold-down and end nail connections. 
The force-displacement response of a contact element is depicted in Figure 3.12 and the 
mathematical formulation is given in Eqn. 3-2.  
1 exp( )] exp( )( )
( ) 1 exp( )
(1 exp( )) exp( )( )
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[ ( ) ]
cm cm
cm tm
tm tm
cm u cm u p p
p u p
tm u tm u p p
o o
o
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δ δ δ δ δ δ
δ δ δ δ δ
δ δ δ δ δ δ
δ δ δ δ
δ δ δ
δ δ δ δ
− − + − − − ≤
= − − < − <
− − + − − − ≥
−

−
 −
   (3-2) 
 
 
The contact spring involves seven modeling parameters:  
Fo = asymptotic separation force;  
δu = asymptotic compression displacement;  
δcm = maximum nonlinear compression displacement limit;  
δtm = maximum nonlinear separation displacement limit;  
rc = permanent bearing deformation ratio;  
Fcm =maximum compression force (negative value);  
Ftm = maximum separation force (positive value). 
The contact element is formulated such that when a gap or separation occurs, the force 
and stiffness of the element is small enough to be considered zero. In contrast, when a bearing 
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contact occurs, the element will respond with a high tangent stiffness to simulate the 
corresponding high reaction force due to bearing contact. 
 
 Consider an arbitrary displacement history as shown in Figure 3.12. The initial stiffness 
at point O is given by Ko = Fo/δu. Bearing compression along path OA follows the second 
nonlinear equation given in Eqn. 3-2. The curve OA asymptotically approaches a force Fo when 
the separation displacement is large and asymptotically approaches negative infinity when the 
bearing displacement approaches δu. To avoid singularity in the numerical model due to a high 
bearing compression force and stiffness, the bearing displacement beyond δcm follows a line 
path AB with a constant stiffness determined at point A. Unloading off point B follows path BD 
which passes through a permanent bearing deformation point C (δp = rcδcmax). Here, rc is a 
hysteretic parameter which represents the ratio of unrecoverable bearing deformation to the 
maximum bearing deformation. Note that setting rc equal to zero converts the contact model 
Figure 3.12: Contact (CT) spring model. 
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from a plastic/hysteretic model to a nonlinear elastic model. A separation displacement larger 
than δtm follows a linear path with a constant stiffness determined at point D. Ftm and Fcm are the 
capping separation and compression forces, respectively.  
3.5 Hold-down Tests  
In a region of low seismicity or low wind hazard, wood structures generally are not 
engineered to withstand larger lateral loads; therefore, hold-down devices typically are not 
installed in the shearwalls. These non-engineered shearwalls (i.e. without hold-downs) are 
referred to as conventional shearwalls. Extensive full-scale shearwall tests have been conducted 
in recent years to evaluate the shear behavior of wood shearwalls under cyclic and monotonic 
loadings (see Chapter two), the results revealing that compared to engineered shearwalls, 
conventional shearwalls of similar configurations generally have lower initial stiffness, shear, 
and energy dissipation capacities. These differences are a result of the fact that the hold-downs 
typically develop a vertical load path that resists overturning moments. In the absence of hold-
downs, the overturning resistance induces a rocking deformation, causing the progressive 
failure of the attached sheathing to framing connections at the base of the shearwall. Many 
hold-down tests have been conducted by the manufacturers but the data are not available in 
the public domain. Therefore, as part of this study, asymmetrical reversed cyclic tests of hold-
down connections were performed to capture their uplift responses, and a hysteretic model was 
then developed to characterize the uplift deformation and force responses in hold-down 
devices.  
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3.5.1 Test Setup 
Cyclic and monotonic pull tests were conducted to investigate the uplift response of 
hold-down connections based on the setup shown in Figure 3.13. The machine used for these 
tests was the Shimadzu Universal Testing Machine (UTM). Four linear variable differential 
transformers (LVDT) were attached to the specimen to measure the displacement during the 
test. The first LVDT (labeled LVDT-A) was used to measure the movement between the top steel 
plate (crosshead of the UTM) and the test frame (i.e. the loading protocol). 
A second LVDT (LVDT-B) was used to measure the movement between the exterior end 
stud and the bottom sill-plate (uplift separation and bearing deformation), while the third LVDT-
C was used to record the relative movement between the two end studs. The last LVDT (LVDT-D) 
measured the movement between the bottom plate and the hold-down device near the anchor 
bolt. The tested hold-down assembly consisted of two nominal 51×102 mm (2×4 in) No. 2 
spruce-pine-fir (SPF) studs and TDX5 hold-downs manufactured by USP Structural Connectors®. 
This type of hold-down was chosen because it was used in the shearwalls tested by 
Johnston et al. (2006). The shearwalls tested by Johnston et al. (2006) were used to verify the 
new shearwall model developed in this study discussed later in Chapters Four and Five. 
 
 
 
 Figure 3.13: Test setup for conducting the hold
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 63.5 mm (2.5 
can be found 
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3.5.3 Hold-down Model 
A specialized asymmetric and nonlinear hysteretic spring (HD1) was developed to model 
the anchorage effects of the hold-down devices (Figure 3.14). This HD1 model which can be 
used to describe the relationship between the uplift deformation and force responses in the 
hold-down device and uplift deformation of the end studs, consists of ten parameters: 
, 	, , ,  , ,  , , and 
 depicted graphically in Figure 3.14.  
 
Where, 
 Ko= initial stiffness, Fo=asymptotic ultimate tensile force,  
Fi = maximum compression force, δu = uplift at maximum tensile force  
r1 = asymptotic ascending backbone stiffness ratio  
rd= descending backbone stiffness ratio  
ru = unloading stiffness ratio, rl = reloading stiffness ratio  
rr = reloading uplift ratio, ri= stiffness ratio of line with Fi intercept, rikoδ+Fi .  
Figure 3.14: Hold-down model parameters. 
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For the arbitrary loading history shown in Figure 3.14, the Initial loading of the hold-
down spring along path OA follows the nonlinear backbone envelope curve given in Eqn. 3-1. 
Unloading off the backbone curve follows path AB with an elastic unloading stiffness equal to 
ruKo where, Ko is the initial stiffness of the hold-down device. Continued unloading onto path BC 
follows a reduced stiffness riKo which simulates the phenomenon where the connectors of the 
hold-down (bolts or nails) lose partial contact with the wood members (e.g. end studs). 
Reloading from points C to D characterizes the closing of the gap between the connectors and 
the wood members. Continued reloading onto path DE follows a degraded stiffness Kl = rl (Fun-
Fi)/δun where, δun and Fun are the displacement and force corresponding to the maximum point 
of the loading history (see Figure 3.14). The reloading path DE passes through point (rrδun,0) 
where rr is a parameter determining the amount of permanent deformation due to previous 
loading cycles. Continued loading passes δu follows a linear descending path EF given in Eqn. 3-1. 
The hold-down spring loses all its load carrying capacity when the uplift displacement is larger 
than the failure displacement δf, which is defined by the point where line EF intersects the 
horizontal axis.  
Table 3.8 shows the modeling parameters fitted to the hysteretic loops of the TDX5 
hold-downs tested at Clemson University. Table 3.9 shows the contact parameters fitted to the 
hold-down test data. These hold-down parameters were later used to model test shearwalls and 
to validate the new shearwall model discussed later in Chapter Five.  The COV values of the ko 
and δu parameters shown in Table 3.8 are lower compared to the COV values of ko and Δ 
parameters of the MSTEW model fitted to the nail test data (Tables 3.4 and 3.6). These indicate 
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that there is less variability in the initial stiffness and displacement at peak force in the hold-
down. 
 Table 3.8: HD1 parameters for the TDX5 hold-down. 
 K0 F0 Fi δu r1 rd ru rl rr ri 
 (N/mm) (N) (N) (mm)      
Test-1 8756 13345 0.4 13 0.17 -0.45 1.50 1.25 0.34 0.0020 
Test-2 9019 4938 0.4 17 0.24 -0.66 1.42 1.29 0.36 0.0052 
Test-3 9632 4448 0.4 11 0.24 -0.45 1.52 1.32 0.42 0.0032 
Test-4 7618 12677 0.4 17 0.19 -0.14 1.42 1.20 0.37 0.0027 
Test-5 7968 6895 0.4 16 0.27 -0.10 1.53 1.28 0.25 0.0069 
Mean 8599 8461 0.4 14.8 0.22 -0.36 1.48 1.27 0.35 0.0040 
STD 811 4260 0 2.7 0.04 0.24 0.05 0.05 0.06 0.0020 
COV 0.09 0.50 - 0.18 0.18 0.65 0.04 0.04 0.18 0.50 
 
Table 3.9: Contact (CT) parameters for the TDX5 hold-down tests. 
 Fo δu δcm δtm rc Fc Ft 
 (kN) (mm) (mm) (mm) 
 
(kN) (kN) 
Test-1 0.038 0.061 -0.254 10.7 0.58 -82.28 0.089 
Test-2 0.036 0.064 -0.254 11.2 0.56 -64.49 0.089 
Test-3 0.036 0.058 -0.254 10.9 0.57 -51.15 0.089 
Test-4 0.034 0.056 -0.254 9.7 0.54 -88.96 0.089 
Test-5 0.036 0.056 -0.254 8.9 0.59 -66.72 0.089 
Mean 0.036 0.059 -0.254 10.3 0.568 -70.72 0.089 
STD 0.001 0.003 0.000 0.96 0.019 15.03 0.000 
COV 0.036 0.056 0 0.094 0.034 0.212 0 
Figure 3.15 shows the fitted HD1 hold-down model curves and the test TDX5 hold-down 
curves. A set of ten HD1 hold-down parameters were fitted for each experiment (Table 3.8). The 
model hysteresis is the result of the superposition of the load-displacement curves of the HD1 
spring (positive quadrant) and the contact spring (negative quadrant). As can be seen, the HD1 
spring provides a reasonable approximation of the actual hysteresis of the hold-downs. 
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Figure 3.15: Fitted hysteretic curves for theTDX5 hold-down. 
 
3.5.4 Failure Modes 
Figure 3.16 shows the failure mechanisms of selected hold-down specimens. The 
primary failure mode of the hold-down test specimens was the crushing and splitting of the 
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vertical studs. In some of the test specimens, bearing deformations around the bolt holes  were 
observed. 
Figure 3.16: Failure of the hold-down connection specimens. 
 
3.5.5 Simpson StrongTie HTT22 Hold-down 
In addition to the USP TDX5 hold-down tests conducted at Clemson University, the 
hysteretic parameters for the HTT22 manufactured by Simpson Strong-Tie were also determined 
using the data from the CUREE shearwall tests using these hold-downs (Pardoen et al. 2003). In 
the CUREE shearwall tests, a load cell was connected to each hold-down to measure the hold-
down force during the experiment. An LVDT was used to measure the displacement of each end 
stud connected to the hold-down. The vertical displacement or slip of the hold-down 
contributes directly to the shearwall deflection in proportion to the aspect ratio (i.e., 
height/length) of the shearwall and has a significant influence on the lateral load carrying 
capacity of wood shearwalls. Figure 3.17 shows the HD1 model curves fitted to the experimental 
data of the Simpson HTT22 hold down devices. The results of the fitted HD1 parameters are 
shown in Table 3.10 for two shearwall configurations, the garage door opening and the 
pedestrian door openings tested by Pardoen et al. (2003). More information about these two 
54 
 
wall configuration are provided in Chapter Four. These two shearwalls are designated as Test 8 
and Test 10 in Pardoen et al. (2003).  
Figure 3.17: HD1 model fitted to the experimental the data of the Simpson HTT22 hold down devices. 
 
The fitted HD1 parameters for both types of hold-downs (Simpson HTT22 and USP TDX5 
hold-downs) shown in Tables 3.8 and 3.10 indicate that the Simpson HTT22 hold-downs are 
approximately 1.5 times more stiffer than the TDX5 hold-down, and have 5 times more 
asymptotic ultimate tensile force load carrying capacity. These differences may be attributed to 
the differences in the details of the end post connections in these two hold-downs. 32 16d 
sinker nails that were used to connect the HTT22 hold-downs to the end posts while the TDX5 
hold-downs were connected to the end posts by two bolts (19.05 mm (3/4” in) diameter).  
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Table 3.10: HD1 parameters for the Simpson HTT22 hold-down. 
 K0 F0 Fi δu r1 rd ru rl rr ri 
 (N/mm) (N) (N) (mm)      
Test8B 12963 48931 0.4 13 0.05 -0.36 1.54 1.16 0.46 0.0056 
Test8B 14890 45372 0.4 11 0.05 -0.32 1.49 1.29 0.52 0.0063 
Test8B 13138 40034 0.4 11 0.06 -0.25 1.55 1.21 0.35 0.0065 
Test8B 11386 50043 0.4 11 0.04 -0.20 1.50 1.50 0.45 0.0025 
Test8A 12087 51244 0.4 10 0.03 -0.29 1.45 1.31 0.45 0.0086 
Test8A 13138 42258 0.4 14 0.08 -0.32 1.48 1.26 0.55 0.0075 
Test8A 10685 42525 0.4 12 0.05 -0.31 1.49 1.29 0.55 0.0059 
Test8A 12262 45372 0.4 12 0.04 -0.22 1.54 1.16 0.51 0.0046 
Test10A 11912 36698 0.4 10 0.05 -0.16 1.56 1.23 0.26 0.0066 
Test10A 13488 44393 0.4 12 0.03 -0.41 1.25 1.25 0.35 0.0052 
Mean 12595 44687 0.4 11.6 0.05 -0.28 1.49 1.27 0.45 0.0059 
STD 1190 4555 0 1.3 0.01 0.08 0.09 0.10 0.10 0.0017 
COV 0.09 0.10 - 0.11 0.31 -0.27 0.06 0.08 0.22 0.28 
 
3.6 Anchor Bolt Tests 
Fennell et al. (2009) conducted a series of 26 tests of single anchor bolts each 
connecting a wood sill plate to a concrete foundation. The basic purpose of this test was to 
provide data for evaluating the design capacities of anchor bolts in light-frame wood shearwalls. 
A total of 16 cyclic tests and 10 monotonic tests were conducted for all tests. The diameters of 
the anchor bolts were 16 mm (5/8”) with a yield strength (Fy) of 275 kN/mm
2
 (40 ksi). The 
concrete compressive strength was between 17.24 MPa
 
and
 
20.68 MPa (2500 psi and 3000 psi). 
The dimensions of the Douglas Fir wood sill plates were 38 x 89 mm, 64 x 89 mm, 38 x 140 mm, 
and 64 x 140 mm (nominal dimensions of  2 x 4 in, 3 x 4 in, 2 x 6 in, and 3 x 6 in).  
3.6.1 Test Setup 
Figure 3.18 shows the anchor bolt test setup, which consists of a footing that allows the 
installation of individual anchor bolts at several locations having different nominal dimension sill 
plates. Four grips were used to transfer the loads applied parallel to the longitudinal direction of 
the sill plate. Anchor bolt tests for sill plates with actual dimensions of 38 x 89 mm (1.5 x 3.5 in) 
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and 64 x 89 mm (2.5 x 3.5 in) had an edge distance (center of bolt to the edge of concrete) of 
44.5 mm (1-3/4”), and sill plates with actual dimensions of 38 x 140 mm (1.5 x 5.5 in) and 64 x 
140 mm (2.5 x 5.5 in) had an edge distance of 70 mm (2-3/4”). More information about this 
experimental program can be found in Fennell et al. (2009). 
 
Figure 3.18: Test Setup for anchor bolt tests conducted by Fennell et al. (2009). 
 
3.6.2 Anchor Bolt Parameters 
 
Table 3.11 shows the test matrix of the anchor bolt tests including the loading used for 
each. As the friction between the wood sill plate and the concrete was considered to be 
significant, in order to quantify its influence on the anchor bolt behavior, grease was applied to 
some of the test specimens to prevent or reduce the friction between the sill plate and the 
concrete footing. These greased specimens are labeled “Friction Isolation” in Table 3.11. As the 
shape of the cyclic hysteretic curves of the anchor bolts was similar to those of the sheathing 
and framing nails, the MSTEW model was used to fit these curves. For each cyclic test, a set of 
ten MSTEW parameters were fitted, and for monotonic tests, six MSTEW backbone curve 
parameters (K0, r1, r2, F0, ∆, and Fu) were fitted. Table 3.12 and Table 3.13 show the fitted 
parameters for all the monotonic and cyclic tests. 
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Table 3.11: Matrix of the anchor bolt tests (Fennell et al. 2009). 
Test ID Sill Plate Nominal 
Dimension 
Edge Distance Friction Loading Type 
 (mm) (mm)   
293 (2-A-1-f) 50.8 x 101.6 44.45 Allowed Cyclic 
294 (2-A-2-f) 50.8 x 101.6 44.45 Allowed Cyclic 
289 (1-A-1-f) 50.8 x 101.6 44.45 Allowed Monotonic 
290 (1-A-2-f) 50.8 x 101.6 44.45 Allowed Monotonic 
295 (2-C-1-nf) 50.8 x 101.6 44.45 Isolation Cyclic 
296 (2-C-2-nf) 50.8 x 101.6 44.45 Isolation Cyclic 
291 (1-C-1-nf) 50.8 x 101.6 44.45 Isolation Monotonic 
292 (1-C-2-nf) 50.8 x 101.6 44.45 Isolation Monotonic 
304 (2-B-1-f) 76.2 x 101.6 44.45 Allowed Cyclic 
305 (2-B-2-f) 76.2 x 101.6 44.45 Allowed Cyclic 
298 (1-B-1-f) 76.2 x 101.6 44.45 Allowed Monotonic 
299 (1-B-2-f) 76.2 x 101.6 44.45 Allowed Monotonic 
306 (2-D-1-nf) 76.2 x 101.6 44.45 Isolation Cyclic 
307 (2-D-2-nf) 76.2 x 101.6 44.45 Isolation Cyclic 
300 (1-D-1-nf) 76.2 x 101.6 44.45 Isolation Monotonic 
301 (1-D-2-nf) 76.2 x 101.6 44.45 Isolation Monotonic 
314 (4-C-1-f) 50.8 x 152.4 69.85 Allowed Cyclic 
315 (4-C-2-f) 50.8 x 152.4 69.85 Allowed Cyclic 
310 (4-C-1-f) 50.8 x 152.4 69.85 Allowed Monotonic 
311 (4-C-2-f) 50.8 x 152.4 69.85 Allowed Monotonic 
316 (4-D-1-f) 76.2 x 152.4 69.85 Allowed Cyclic 
317 (4-D-2-f) 76.2 x 152.4 69.85 Allowed Cyclic 
312 (4-D-1-f) 76.2 x 152.4 69.85 Allowed Monotonic 
313 (4-D-2-f) 76.2 x 152.4 69.85 Allowed Monotonic 
 
 
Table 3.12: Fitted MSTEW backbone curve parameters for the monotonic anchor bolt tests. 
 K0 r1 r2 F0 ∆ Fu 
Test ID (kN/mm)  (kN) (mm) (kN) 
291 (1-C-1-nf) 4.43 0.025 -0.476 39.87 19.81 37.40 
293 (2-A-1-f) 0.58 1.421 -1.35 4.39 41.91 38.58 
294 (2-A-2-f) 6.02 0.174 -0.027 21.20 43.43 66.67 
296 (2-C-2-nf) 5.74 0.174 -0.396 23.43 33.27 56.73 
302 (SPD-1-f) 3.51 0.005 -0.101 37.61 53.34 38.27 
303 (SPD-2-f) 10.06 0.039 -0.588 23.86 75.95 53.36 
304 (2-B-1-f) 3.95 0.236 -0.222 33.95 45.47 76.08 
305 (2-B-2-f) 2.93 0.101 -0.252 85.78 38.86 63.00 
306 (2-D-1-nf) 4.58 0.127 -0.033 48.55 60.71 83.66 
307 (2-D-2-nf) 10.55 0.105 -0.35 22.25 44.45 71.46 
nf= non friction , f= friction, 
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Table 3.13: Fitted MSTEW parameters for the cyclic anchor bolt tests. 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β Fu 
Test ID (kN/mm)    (kN) (kN) (mm)  (kN) 
291 (1-C-1-nf) 7.05 0.045 -1.603 1.847 0.012 35.58 3.18 37.85 0.95 1.47 47.57 
293 (2-A-1-f) 11.57 0.301 -0.033 1.010 0.022 1.31 2.22 3.30 0.21 1.15 13.12 
294 (2-A-2-f) 7.12 0.048 -1.603 1.828 0.012 34.97 3.18 37.85 0.94 1.47 47.76 
296 (2-C-2-nf) 3.55 0.078 -0.537 2.728 0.069 29.41 1.78 17.27 1.00 1.03 30.03 
302 (SPD-1-f) 3.70 0.189 -0.303 3.270 0.053 27.81 3.31 10.67 0.25 1.05 26.86 
303 (SPD-2-f) 5.79 0.446 -0.220 2.283 0.025 6.48 2.29 8.64 0.38 1.09 28.85 
304 (2-B-1-f) 5.48 0.103 -6.731 2.078 0.020 30.20 3.37 33.78 0.56 1.15 49.21 
305 (2-B-2-f) 5.41 0.081 -0.160 2.258 0.023 30.70 3.71 20.83 0.64 1.18 38.78 
306 (2-D-1-nf) 6.45 0.076 -0.032 1.210 0.019 27.01 3.45 15.24 0.73 1.13 33.52 
307 (2-D-2-nf) 4.57 0.250 -0.024 1.613 0.014 17.79 3.13 12.70 0.65 1.33 31.06 
308 (SPD-1-f) 3.04 0.180 -0.121 4.500 0.039 37.15 3.45 19.05 0.74 1.17 37.42 
309 (SPD-2-f) 4.82 0.119 -0.357 2.195 0.016 32.26 2.49 19.56 0.51 1.07 41.19 
314 (4-C-1-f) 4.79 0.070 -0.247 2.402 0.033 28.58 2.86 17.27 0.90 1.19 32.56 
315 (4-C-2-f) 4.96 0.292 -0.195 2.954 0.035 16.25 3.34 16.00 0.47 1.16 39.18 
316 (4-D-1-f) 3.47 0.072 -0.250 3.200 0.043 42.75 3.99 17.53 0.47 1.19 35.66 
317 (4-D-2-f) 5.89 0.121 -0.136 2.997 0.058 31.59 3.63 19.30 0.75 1.21 44.03 
nf= non friction , f= friction, 
The test and fitted MSTEW hysteretic curves for selected cyclic tests of anchor bolts are 
shown in Figure 3.19. The figures for other tests are provided in Appendix B. Each subplot in 
Figure 3.19 shows the test number and the values of the fitted parameters. The mean values of 
the fitted parameters for the cases where “friction was allowed” and the edge distance (center 
of bolt to the edge of concrete) was 44.5 mm (1-3/4”) (Test IDs 293, 294, 304 and 305) were 
used to model the wood shearwalls discussed in Chapter Five and Chapter Six. 
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Figure 3.19 : Anchor bolts cyclic tests and fitted hysteretic curves. 
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3.7 Summary  
A series of sheathing nail, framing nail and hold-down tests were conducted to provide 
statistical data for modeling the inherent variability in these connections.  As confirmed by the 
test results, the cyclic hysteresis loops varied among nominally identical test samples. The 
sheathing nail and face-nailing framing nail test data were fitted to two hysteresis models, the 
MSTEW and the EPHM. The end nail test data were fitted to a new hysteretic model (HD2) 
developed at this study for modeling the withdrawal behavior of end nails. In addition, a new 
hold-down model (HD1) was also developed to fit the hold-down test data. Finally, the results of 
anchor bolts tested by Fennell et al. (2009) were fitted to the MSTEW model.  
 The mean values of the connection parameters were used to model selected test 
shearwalls in a shearwall model validation study. The new shearwall formulation is discussed 
next in Chapter Four and the validation study is discussed in Chapter Five. The complete 
shearwall connection parameters were later used to quantify the inherent variability in the 
connections and to estimate the shearwall resistance uncertainty (Chapter Six).   
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Chapter 4. FORMULATION of SHEARWALL MODEL 
4.1 Introduction  
A number of numerical models were developed over the past two decades to predict 
the response of woodframe shearwalls under earthquake loadings (see Chapter Two). In 
general, these numerical models can be characterized into three categories: 1) lumped 
parameter model, 2) simplified mechanistic model, and 3) detailed finite element (FE) model.  
In a lumped parameter model, single degree-of-freedom (SDOF) nonlinear shear springs 
are used to model the global in-plane behavior of shearwalls. For shearwalls, the load-drift 
responses at the top of the walls, determined either through testing or detailed numerical 
modeling, are fitted to piecewise linear or nonlinear equations to capture the load-displacement 
responses under reversed cyclic loadings. Examples of SDOF lumped parameter models used in 
wood shearwall modeling are the CUREE Caltech hysteretic model (Folz and Filiatrault 2004), the 
Bouc-Wen-Baber-Noori model (BWBN) (Foliente 1995), and the evolutionary hysteretic 
parameter model (EPHM) (Pang et al. 2007). All these SDOF spring models utilize a rule-based 
approach to account for the stiffness and strength degradation as well as the pinching 
characteristic of hysteretic loops. While the SDOF lumped parameter models are 
computationally efficient, their applications are limited due to the lack of versatility. For 
instance, a lumped parameter model calibrated using a particular shearwall test data is 
applicable only to the specific wall configuration used to fit the SDOF parameters. Recalibration 
of the modeling parameters is required when the wall configuration, such as the size and 
location of openings, has changed. In addition, the aforementioned lumped parameter models 
62 
 
only account for the lateral in-plane shear deformation. The combined effects due to vertical 
(gravity and uplift) and horizontal loads cannot be considered using these SDOF springs.  
The second category of the numerical models is the simplified mechanistic model. The 
CASHEW program developed by Folz and Filiatrault (2004) is an example of the simplified 
mechanistic model. While the response of each sheathing nail is explicitly modeled in the 
CASHEW program by considering the kinematics of the panels and frames, simplified 
assumptions (e.g., the framing is assumed to be composed of pin-jointed rigid elements that can 
only deform into a parallelogram) limit the application of the program to modeling engineered 
and fully anchored shearwalls only. These types of the numerical models are not capable of 
modeling the non-engineered (or conventional) shearwalls. For example, the possible uplifts in 
the sill plates and end studs over these models are neglected; therefore, this limits the 
application of the program to modeling engineered and fully anchored shearwalls only. 
The third category of numerical models is the detailed finite element (FE) models. This 
type of numerical models has been developed using both in-house and commercial FE codes. An 
example of the detailed FE models is a model that was developed by Itani and Cheung (1984) to 
study the behavior of wood diaphragms. In the finite element model, beam and plane-stress 
elements were used to model the framing and sheathing panels, and smeared nonlinear springs 
were utilized to characterize the load-slip response of framing to sheathing nail connections. 
About the same period, Dolan (1989) developed a detailed FE model for light-frame wood 
shearwalls. In addition to the beam and plate elements used to model the framing and 
sheathing panels, bilinear springs were also utilized to model the connections between framing 
members as well as the gap-contact between the sheathing panels. Discrete zero-length joint 
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and smeared connector elements were used to model the load-slip behavior of panel-to-framing 
nails. Commercial finite element packages such as ANSYS and ABAQUS have also been used to 
model wood shearwalls (e.g. Kasal and Leichti 1992; Xu and Dolon 2009). The three-dimensional 
(3D) beam and shell elements found in the element library of these commercial FE packages 
were utilized to model the framing and sheathing panels. Similarly, two-node zero-length joint 
elements are utilized to model the load-slip response of nail connections. Recently, a detailed 
two-dimensional (2D) FE shearwall model which specifically account for flexibility of the top-
plates, bearing contacts between the framing (e.g. stud-to-sill plate and sill-plate-to-
foundation), uplift of hold-downs and shear slip of anchor bolts has been developed by 
Christovasilis and Filiatrault (2010). While the aforementioned FE models are versatile and can 
be used to model the combined effects due to gravity and lateral shear loads, the computational 
overheads are significantly higher than that of the lumped-parameter and simplified 
mechanistic models.  
In order to address the deficiencies found in existing light-frame wood shearwall models 
(e.g. ignore uplift, no P-∆ effect and etc.) and to strike a balance between computational 
overhead and model accuracy, a specialized 2D shearwall model was developed and presented 
herein in this chapter. This model can be used to accurately predict the collapse mechanism of 
both engineered and non-engineered (conventional) shearwalls. In addition, the new model has 
a less computational overhead and thus makes it suitable for simulation studies as discussed in 
Chapter Six. 
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4.2 Formulation 
The assemblies of typical light-frame wood shearwalls (Figure 4.1) consist of three main 
components: framing members, sheathing panels and dowel-type connectors (e.g. nails and 
bolts). In the formulation of the new shearwall model, three types of elements are utilized to 
model the shearwalls. They are (1) two-node six degrees of freedom (DOFs) planar frame 
(beam) elements which are used to represent the framing members, (2) five DOFs shear panel 
elements which are used to represent the sheathing panels, and (3) three DOFs link elements 
which are used to model the connections and bearing contacts between the assemblies. A 
previous study by Gupta and Kuo (1987) has shown that the load-slip characteristics of dowel 
connections dominate the overall behavior of sheathed shearwalls. Therefore, the framing joints 
and sheathing nails are modeled using nonlinear hysteretic springs while the framing and 
sheathing members are assumed to be linear and elastic.  
 
Header 
Sheathing 
Panel 
Framing 
Members  
Anchor Bolt 
Hold-down 
Sheathing Nails 
Figure 4.1: An example light-frame wood shearwall assembly. 
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4.3 Deformed Geometric and Equilibrium Equations of Frame Element 
The framing members of shearwalls are modeled using a two-node Euler-Bernoulli 
frame element with co-rotational formulation (Figure 4.2). Each node of the frame element has 
three DOFs: two translational and one rotational. In the co-rotational formulation, the total 
deformation of the framing members is decomposed into two components, a rigid body motion 
and relative deformations with respect to the rotated coordinate system ( xˆ , yˆ ). Consider an 
arbitrary connection point on a frame (Figure 4.2). The deformations of a connection point,
{ }cfd , can be expressed in terms of the nodal deformations, { }nfd , at nodes 1 and 2. The 
deformations of the centerline of the frame, { }cfd , is given by the following equation: 
{ } { }cf f nfd N d =         (4-1) 
where, 1 1 1 2 2 2{ } Tnfd u v u vθ θ=     and { }cfd  = , , Tcf cf cfu v θ  
  
is the displacement 
vector of a connection point located along the centerline of the frame, ( , 0)x . Using the linear 
Lagrange and cubic Hermite interpolation functions, the interpolation matrix, fN , for the 
centerline is found to be:  
               
22 2
6 6
1 0 0 0 0
0 ( 1) (2 1) (1 ) 0 (3 2 ) 1)
0 ( 1) ( 1)(3 1) 0 ( 1 (3 2)
(
)
f
L L
r r
N r r x r r r rx r
r r r r r r r r
−
= − + − − −
− − − − − −
 
     
  
            (4-2) 
 
where, r = x/L. Note that Eqn. 4-1 can only be used to determine the displacement field of points 
along the centerline. Figure 4.2c shows an example deformed shape of a beam obtained by 
applying end rotations into Eqn. 4-1   to compute the deformations of the perimeter points. As 
can be clearly seen, transverse shear locking occurs in the beam. A more accurate 
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representation of the deformed shape of the framing members (Figure 4.2b) can be obtained 
using the following equation: 
                                                    
sin( )
{ } { } (cos( ) 1)
0
cf
cf cf cf
y
d d y
θ
θ
 −
 
= + − 
 
 
   (4-3) 
where { }cfd are the displacements of arbitrary connection points located off the centerline (i.e. 
0y ≠ ). Eqn. 4-3 assumes that plane sections remain plane and normal to the deformed 
centerline. 
 
Figure 4.2: Kinematics of the corotational 2D frame element (a) undeformed configuration,  
(b) final deformed configuration, and (c) deformed configuration interpolated using the centerline 
interpolation matrix. 
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The co-rotational formulation is utilized to formulate the stiffness matrix of the frame 
elements. To accurately model the stability of the framing members under large deformation, 
the tangent stiffness matrix of the frame element, [kf], is expressed in terms of the summation 
of the elastic material stiffness matrix, [kmf], and the geometric stiffness matrix, [kgf].  The 
equilibrium equations of the frame element are: 
   { } { } { }nf f nf mf gf nff k d k k d   = = +       (4-4) 
where, { } 1 1 1 2 2 2 Tnf u v u vf f f f f f fθ θ=    is the element nodal force vector in local 
coordinates. The elastic material stiffness matrix in the local coordinate system can be found in 
many structural analysis texts, including that of McGuire et al. (2000): 
   
2 2
2 2
3 2
2
0 0 - 0 0
12 6 0 -12 6
4 0 -6 2
0 0
. 12 -6
4
mf
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I I
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L AL
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sym L
L
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=
    
   (4-5) 
                
 
where E, A and I are the elastic modulus, cross-sectional area and bending moment of inertia, 
respectively. The elastic stiffness matrix in the global coordinate system is: 
    
T
mf f mf fK R k R              =     (4-6) 
where, [Rf] is the local-to-global transformation matrix for the frame element: 
  
cos( ) sin( ) 0( ) 0
, ( ) sin( ) cos( ) 00 ( )
0 0 1
f f
f
f f f f
f
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θ θ
θ
θ θ θ
θ
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=   (4-7) 
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R(.) is the rotation matrix and fθ  is the angle which defines the orientation of the rotated 
coordinate system ( xˆ , yˆ ). The rotated local xˆ -axis in the deformed configuration is defined by 
a line passing through the two end nodes of the frame element. The local geometric stiffness 
matrix is obtained from the derivative of the interpolation matrix squared: 
( ) ( ) ( ) ( )
2 2
' ' ' '
0
2
1 0 0 1 0 0
6 60
5 10 5 10
2 0
15 10 30
1 0 0
6
.
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2
15
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Pk P N N N N dx
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 − 
 
 
  
∫        (4-8) 
where, 2 1u uP f f= −  is the axial force in the frame (tension force is positive). 'fuN  is the 
derivative of the coefficients in the first row in Eqn. 4-2 with respect to x. Similarly, 
'
fvN  is the 
derivative of the second row coefficients of the frame interpolation matrix. The equilibrium 
equations of the frame in global coordinates can be obtained by applying the transformation 
matrix to Eqn. 4-6:   
   { } { } { }Tnf f m f gf f n f f n fF R k k R D K D       = + =                                          (4-9) 
where, { }nfF and { }nfD are the frame element global nodal force and displacement vectors, 
respectively. 
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4.4 Deformed Geometric and Equilibrium Equations of Shear Panel Element 
The sheathing panels are modeled using a rectangular shear panel element and each panel 
element has five DOFs (Figure 4.3): one rigid body rotation (θp), two rigid body translations (up 
and vp) and two in-plane shear angles (μp and γp ).  
 
Figure 4.3: Kinematics of the panel element. 
The relationship between the panel nodal displacement vector,
{ } Tnp p p p p pd u v µ γ θ =   , and the relative deformations of an arbitrary connection 
point on the panel that undergoes large shear deformations and rotation is found to be:  
70 
 
  
2
cos( ) sin( ) 0
2{ } sin( ) cos( ) 0
0 0 1 0
p
p p p
cp p p p p
p
y
x
h u x
xd y v y
b
µ
θ θ
θ θ γ
θ
 + 
− −    
    = − + −    
        
  
  (4-10) 
where, {dcp}= ucp, vcp, θcpT is the displacement vector of an arbitrary connection point on the 
panel. b and h are the width and height of the panel, respectively. Eqn. 4-10 can be used to 
describe the relative deformations of any point on the panel. The equilibrium equations of the 
panel element in local coordinate system are: 
   { } { } { }np p np mp gp npf k d k k d   = = +          (4-11) 
where, { } Tn p u vf f f f f fµ γ θ =    is the panel element nodal displacement vector and 
[kp] is the tangent stiffness matrix of the panel which is expressed in terms of the sum of the 
elastic material and geometric stiffness matrices. The elastic stiffness matrix of the panel, [kmp], 
is: 
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where, G is the shear modulus of the sheathing panel. Since rigid body translations and rotation 
do not contribute to the elastic stiffness matrix, the [kmp] matrix is zero everywhere except for 
the two diagonal terms which correspond to the shear deformations. Based on the same 
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principle used for deriving the geometric stiffness matrix of the frame element, the local 
geometric stiffness matrix of the panel is derived: 
0 0
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0 0 0 0
ˆ ˆ ˆ ˆ 4 0 2
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∫ ∫  (4-13) 
 where, ˆ pN  is the panel interpolation matrix formulated based on the co-rotated local 
coordinate system ( xˆ , yˆ ): 
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                                         (4-14) 
The panel equilibrium equations in global coordinates are:   
    { } { }Tnp p m p gp p npF R k k R D     = +                                       (4-15) 
where, { }npF and { }npD are the panel element global nodal force and displacement vectors, 
respectively. [Rp] is the local-to-global transformation matrix of the panel element: 
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Here, θp is previously defined as the rotation of the panel or the angle which defines the 
orientation of the rotated panel coordinate system ( xˆ , yˆ ).  
4.5 Connection Model 
In light-frame wood shearwalls and diaphragms, the frames and sheathing panels are 
fastened together by dowel-type connections (e.g. nails and bolts). Three types of connection 
elements are employed to model the partial composite action between the frames and panels: 
panel-to-frame (P2F), frame-to-frame (F2F), and panel-to-panel (P2P) connections (Figure 4.4). 
Each of these connections is represented by a two-node three-DOF link element with three 
orthogonal uncoupled springs: one rotational and two translational springs (Figure 4.5).  
 
Figure 4.4: Connection elements. 
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where kx and ky are the stiffness of the translational springs. kr is the stiffness of the rotational 
spring. The stiffness matrix of a connector in the global coordinate system, [Kc] is: 
    [ ] [ ] [ ][ ]( ) ( )Tc c c cK R k Rθ θ=     (4-18) 
where, θc is the angle measured from the global to local x-axes (counter clockwise is positive) of 
the connector (Figure 4.5).  
 
Figure 4.5: (a) Non-oriented and (b) oriented zero-length link elements. 
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The panel-to-frame (P2F) connection is used to model the load-slip response of sheathing 
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the sheathing nail spacing of the non-oriented spring pair model is adjusted internally in the 
analysis program such that the energy dissipated by the wall modeled with non-oriented spring 
pair model matches the energy dissipated by the wall modeled with a single spring model. Judd 
and Fonseca (2005) used the initial displacement trajectory obtained under a small initial 
loading step to orient the two orthogonal springs used to represent each sheathing nail and this 
orientation is kept constant throughout the time history or reversed cyclic analysis. Although 
these modeling approaches are ingenious, they are only approximate solutions and do not 
represent the actual load-slip mechanism of sheathing nails. In this model, a true oriented (co-
rotation) connection model is employed to represent the sheathing nails. In the co-rotational 
formulation, the orientation of the sheathing nails, θc, is updated in each step to align the local 
xˆ -axis to the primary displacement trajectory of the sheathing nail (Figure 4.5b): 
   
1tan         0 2yc c
x
θ θ π−
∆ 
= ≤ ≤ ∆ 
                        (4-19) 
where, ∆x and ∆y are slips parallel to the global x and y directions of the sheathing nail, 
respectively. The stiffness matrix of the P2F connector is given by: 
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11 12
' '
' '
T Ti i i j
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(4-20) 
where, Np
(i)
  and Nf
(j)
 are the interpolation matrices of the P2F connector in global coordinate 
system for connection points on the panel and frame, respectively. The superscripts (i) and (j) 
denote the panel and frame numbers which are used to identify the DOF numbers in the global 
stiffness matrix. The interpolation matrices, Np and Nf, in global coordinates can be computed 
using the following transformation matrices: 
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=                                       (4-22) 
where, pθ  and fθ  are defined previously as the rotation angles which track the co-rotated local 
axes of the panel and frame, respectively. ˆ pN  is given in Eqn. 4-14 and ˆ fN is the interpolation 
matrix of the frame element with respect to the deformed coordinate system ˆ ˆ( , )x y :  
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              (4-23) 
In Eqn. 4-20, the K’pp and K’ff  terms quantify the restraint contributions of the P2F connector to 
the i-th panel and j-th frame, respectively. The off diagonal stiffness terms, K’pf, characterizes 
the coupling effects between the panel and frame due to the P2F connector.  
4.7 Frame-to-Frame Connection 
The frame-to-frame (F2F) connection is utilized to model the framing nails, end nails, hold-
downs and anchor-bolt connections. The stiffness matrix of a F2F connector is given by: 
  
( ) [ ] ( ) ( ) [ ] ( )
( ) [ ] ( ) ( ) [ ] ( )
12 12
T Ti i i j
f c f f c f
ff T Tj i j j
f c f f c f
N K N N K N
K
N K N N K N
×
        −        =  
       −         
 (4-24) 
Here, Kff is a 12×12 matrix which characterizes the interaction and restraining effects between 
two framing members. The superscripts (i) and (j) identify the frame numbers. When modeling 
the frame-to-ground contact, hold-down and anchor bolt connections (see Figure 4.4), one of 
the frame numbers is set to zero and the stiffness matrix reduces to a 6×6 matrix:   
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4.8 Panel-to-Panel Connection 
 The bearing contact between the panels is modeled using the panel-to-panel (P2P) 
connection. The stiffness matrix of the P2P connection is:  
  
( ) [ ] ( ) ( ) [ ] ( )
( ) [ ] ( ) ( ) [ ] ( )
11 11
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        −        =  
       −         
     (4-26) 
 
Similarly, superscripts (i) and (j) are the panel numbers and for panel-to-ground contact model, 
the stiffness matrix reduces to a 5×5 matrix. Summing the stiffness contributions of all frames, 
panels and connectors results in the global stiffness matrix of the shearwall or diaphragm: 
 
( ) ( ) ( ) ( ) ( )( ) ( ) ( ) ( ) ( )T i T i T i T i T ii f i i p i i ff i i pf i i pp i
i i i i i
K K K K K K= Λ Λ + Λ Λ + Λ Λ + Λ Λ + Λ Λ∑ ∑ ∑ ∑ ∑
 
                 (4-27)
 
where, iΛ identifies the attachment points or the coordinates of the contributing stiffness of 
each element (i.e. frame, panel and connector) in the global stiffness matrix. Note that the 
stiffness matrices of the connectors are load history dependent. The hysteretic response of the 
connectors will be discussed in the subsequent section. It should be noted that although the 
material stiffness matrices of the frames and panels are linear and elastic, due to geometric 
nonlinearity, the total stiffness matrices of the frames and panels are also load history 
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dependent. The iterative displacement control method (McGuire et al. 2000) is utilized for 
solving the nonlinear equilibrium equations for cycling loading. 
 
4.9 Connector Hysteretic Spring Models 
Each of the orthogonal springs in the P2F, F2F and P2P connectors discussed in the previous 
section can be assigned the properties of one of the seven elastic and hysteretic spring models 
available in the computer program developed in this study. These spring models are:  
1) Linear Elastic Spring 
2) Bilinear Hysteretic  Spring 
3) Modified Stewart (MSTEW) Hysteretic Model (Folz and Filiatrault 2001), also known as the 
CUREE hysteretic model (See Chapter Three) 
4) Evolutionary Parameter Hysteretic Model (EPHM) (Pang et al. 2007) (See Chapter Three)  
5) Contact Model (CT) (See Chapter Three) 
6) Hold-down Hysteretic Model (HD1) (See Chapter Three), and  
7) Nail Withdrawal Model (HD2) (See Chapter Three).  
Except for the linear spring which is an elastic model, all others are either nonlinear or multi-
linear hysteretic models. The bilinear hysteretic spring model has three modeling parameters 
(initial stiffness, yield displacement and post-yield stiffness-to-initial stiffness ratio). Other 
hysteretic models, namely the MSTEW, EPHM, HD1, HD2, and contact models are previously 
discussed in Chapter Three.  
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The wood shearwall models developed in previous research studies utilize a centerline 
modeling approach and ignore the width of individual framing member. As seen in Figure 4.6 , 
the centerline modeling approach allows interference to occur between framing members. It 
violates the actual physics of solid mechanics. In this study, a two-dimensional (2D) geometric 
model which explicitly considers the actual size effects of the individual wood framing is 
developed. The 2D geometric frame model developed in this study does not allow two frame 
members to occupy the same space. Additionally, the 2D geometric model can be utilized to 
consider the corner contact phenomenon observed in the actual shearwall tests. The withdrawal 
spring with stiffness kx in local coordinates is oriented parallel to the length direction of the 
framing nail and the MSTEW or EPHM spring is used to characterize the shear behavior of the 
end nail. 
 
 
 
Figure 4.6: End nail connection model. 
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4.10 Summary  
The numerical model presented in Chapter Four has been coded into a computer program 
called M-CASHEW (Matlab toolbox for Cyclic Analysis of Shearwalls). The name is inspired by its 
predecessor, the CASHEW program. However, the CASHEW program is formulated based on the 
assumption that shearwalls are perfectly anchored (i.e. no uplift) and only the shear 
deformation due to sheathing nail slip contributes to the shearwall lateral stiffness. The 
CASHEW model is herein referred to as the pure shear model. The M-CASHEW model addresses 
the deficiencies of the CASHEW program. In addition to shear deformation, the M-CASHEW 
program specifically considers the flexibility of the top-plates as well as the bearing contacts 
between the framing members (e.g. stud-to-sill plate and sill-plate-to-foundation), uplift of the 
hold-downs and shear slip of the anchor bolts. To validate the new shearwall modeling 
framework, selected light-frame wood shearwalls tested by other researchers were modeled 
using the M-CASHEW program. The modeling results are discussed in the next chapter.  
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Chapter 5. SHEARWALL MODEL VALIDATION 
5.1 Introduction 
To validate the new shearwall model (M-CASHEW) developed in Chapter Four, wood 
shearwalls tested by four different experimental programs were modeled and the modeling 
results are presented in this Chapter. The results of these models then are compared to the 
measured responses of the wood shearwalls during each experiment to validate the M-CASHEW 
program. The first experimental program selected for verification was the set of walls tested by 
Johnston et al. (2006).  These walls were fully sheathed and had different levels of gravity loads 
on top of the walls. The amount of the uplift at the end studs were measured and reported. The 
second set of walls used for validation was that tested by Pardoen et al. (2003). These 
shearwalls were chosen to investigate the response of wood shearwalls with a garage door 
opening and a pedestrian door opening that are widely being used in constructions. The third 
experimental study was conducted by Salenikovich and Dolan (2003). This study was used to 
validate the response of shearwalls tested under different overturning restraints and anchorage 
conditions. Finally, the forth wall selected for this validation study was a non-engineered 
shearwall sheathed with horizontal boards/wood planks and tested in the 1950s at the Forest 
Products Laboratory (Trayer 1956).  More details of the shearwalls used for validation study are 
provided in the following sections. 
5.2 Fitted parameters 
The hysteretic parameters for sheathing nails, framing nails, anchor bolts and hold-
downs used in the M-CASHEW model for the discussions of this chapter are shown in Table 5.1. 
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Table 5.1: Connection parameters. 
 K0 F0 Fi δu r1 rd ru rl rr ri 
 (kN/mm) (kN) (kN) (mm)      
Hold-down (HD1) 12.595 44.687 0.004 11.6 0.05 -0.28 1.49 1.27 0.45 0.0059 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β 
 (N/mm)     (N) (N) (mm)   
8d common, P2F (MSTEW) 1555 0.044 -0.036 1.05 0.008 827 184 7 0.66 1.34 
10d common
(a) 
F2F-S (MSTEW) 832 0.039 -0.060 1.19 0.006 1126 163 11 0.86 1.1 
 (kN/mm)     (kN) (kN) (mm)   
Anchor bolts
(d )
F2G (MSTEW) 7.39 0.133 -2.131 1.79 0.019 24.29 3.12 24 0.58 1.24 
16d common
(a)
 F2F-W (HD2) 2.02 0.50 -0.010 1.50 0.005 0.50 0.40 0.75   0.80   1.10 
 Fo δu δcm δtm    rc Fc Ft 
  
 (kN) (mm) (mm) (mm)  (kN) (kN)   
Contact 0.044 0.051 -0.254 12.7 0.01 -445 1.0   
(a)
Two nails.
 (b)
F2F-W = end nail withdrawal.
 (c)
F2F-S = single shear of double-end studs and top plates.
 (d)
 
anchor bolt diameter = 16mm (5/8 in.) 
5.3 Effects of Gravity Loads 
The shearwalls tested by Johnston et al. (2006) were selected to evaluate the 
applicability of the M-CASHEW program to model walls with various levels of gravity loading. 
The frames of the test walls were constructed of nominal 38×89 mm (2x4 in) spruce-pine-fir 
(SPF) studs spaced at 406 mm (16 in.) on-center and 16d nails were used for the framing (Figure 
5.1). The walls were sheathed with two 11.0 mm (7/16 in.)  thick 1.22×2.44 m (4 x 8 ft), 24/16 
rated OSBs placed vertically and fastened using 8d plain shank nails with 3 mm diameter × 63 
mm long (0.12 in diameter x 2.5 in long) spaced at 102 mm (4 in.) around the perimeter of the 
panels and 305 mm (12 in.) in the field of the panels. These walls were tested under different 
levels of gravity loads (0, 6, 12, or 25 kN/m (0, 425, 850, or 1,700 lb/ft)) and with two different 
anchorage conditions (with and without hold-downs). The hold-downs used in the tests were 
UPS model TDX5 bolted to the end studs of the walls by 19 mm (3/4 in.) diameter bolts. In both 
configurations the sill plates were bolted to the ground by A325 19 mm (3/4 in.) diameter bolts 
spaced 152 mm (6 in) on-center.  
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Figure 5.2 shows the model predicted backbone curves for shear walls with and without 
hold-downs under varying levels of gravity loading. The simulated backbone curves agree with 
the observation by Johnston et al. (2006) in which the unanchored walls benefit from the 
present of gravity load while the effect of gravity load is less significant for shear walls with hold-
downs. Comparison between the test and model predicted peak uplifts and backbone forces 
(Figure 5.3) has confirmed that the M-CASHEW is capable of predicting the general trend and 
influence of gravity load on shear wall strength. Note that the absolute values of the model 
predicted backbone forces and uplifts do not agree well with the actual test observations. The 
differences might be attributed to the use of 8d common nail parameters shown in Table 5.1 to 
approximate the 8d plain shank nails used in the actual wall tests.  
Figure 5.1: Layout of the shearwalls tested by Johnston et al. (2006). 
 
83 
 
 
Figure 5.2: Effect of gravity load on shearwalls  
 
 (a) with hold-downs  
 
 (b) without hold-downs  
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5.4 Shearwalls with Openings 
The second set of experimental data used to validate the M-CASHEW is the results 
obtained from cyclic tests of shearwalls with a garage door opening tested as part of the CUREE 
Caltech project (Pardoen et al. 2003). The dimensions of the shear walls were 4.876×2.44 m 
(16x8 ft) with a 2.97×2.28 m (9.75 x 7.5 ft) opening. The frames were constructed of nominal 
51×102 mm (2x4 in) Douglas-fir studs spaced at 406 mm (16 in). The walls were sheathed with  
9.5 mm (3/8 in) thick OSB panels placed vertically and fastened to the framing with 8d box nails 
Figure 5.3: Shear walls with and without hold-downs. 
 
(a) peak backbone forces 
(b) uplifts at peak backbone forces 
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(2.8 mm diameter × 63.5 mm long (0.113 in × 2.5 in)) spaced at 76 mm (3 in) at the perimeter 
and 305 mm (12 in) in the field of the panels. Simpson HTT22 hold-downs with 15.9 mm (5/8 in) 
diameter bolts were used to anchor the end studs to the foundation, while 12.7 mm (1/2 in) 
diameter anchor bolts were used to connect the sill plates to the foundation. As can be seen in 
Figure 5.4, both the model predicted hysteresis loops and cumulative energy curve are in good 
agreement with that obtained from the two nominally identical shear wall tests. The error 
between the total energy absorbed by the test walls and the model prediction is less than 2% 
(Figure 5.4b). 
 
5.5 Effects of Anchorage Conditions 
The third set of experimental data used to validate the M-CASHEW program is the 
results of shearwalls tested under different overturning restraints and anchorage conditions 
(Salenikovich and Dolan 2003).  The shearwalls tested had a height of 2.4 m (8 ft) and a length of 
either 0.6 m, 1.2 m, 2.4 m, or 3.6 m (2 ft, 4 ft, 8 ft, and 12 ft). The frames were constructed of 
Figure 5.4: Model predicted versus CUREE cyclic for shearwall with a garage door opening.  
 
 (a) hysteretic loops  
  
 (b) cumulative energy plots for shearwall  
       with a garage door opening  
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nominal 38×89 mm (2x4 in) spruce-pine-fir (SPF) studs spaced at 406 mm (16 in.) on-center. The 
double end studs at each end of the wall were fastened using two 16d common nails ,4.1mm 
diameter × 89 mm long, (0.161 in diameter × 3.5 in long) spaced 0.3m (12 in.) on-center. Each 
wall was sheathed with 11.0 mm (7/16 in.) thick oriented strand boards (OSBs) placed vertically 
and fastened to the framing with 8d common nails, 3.3 mm diameter × 63.5 mm long, (0.13 in 
diameter × 2.5 in long). The 8d sheathing nails were spaced at 152 mm (6 in.) around the 
perimeter of the panels and 305 mm (12 in.) in the field of the panels. It should be noted that 
these walls were tested in a horizontal position (i.e. walls were placed flat-wise on the ground) 
and no gravity load was applied to the walls. Three anchorage conditions were examined in this 
test program: fully anchored (FA), intermediate anchored (IA), and no anchorage (NA). In the 
fully anchored walls, a Simpson HTT22 hold-down was installed at each end of the wall and 15.9 
mm (5/8 in.) diameter A307 bolts spaced at 610 mm (24 in.) were installed to the bottom plate. 
The intermediate anchorage walls had the same layout as the full anchored walls expect no 
hold-downs were installed to the end studs. Finally, for the no anchorage walls, two rows of 16d 
common nails at 76 mm (3 in.) on-center were used to connect the bottom plate to the sill plate. 
The hysteretic spring parameters for sheathing nails, framing nails, anchor bolts and hold-down 
are shown in Table 5.1. 
5.6 Fully Anchored Walls 
Figure 5.5 shows the results of the model predicted and test monotonic pushover 
backbone curves for the fully anchored 2.44 m (8 ft) and 0.61 m (2 ft) wide shear walls. In 
general, the initial stiffness and peak forces predicted by both the pure shear model (CASHEW) 
and M-CASHEW model are in good agreement with the test results for the 2.44 wide shear 
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walls. The M-CASHEW model provides a slightly better estimate for the initial stiffness as it 
allows uplifts in the end posts and intermediate studs (Figure 5.6).  Note that no uplift curves 
can be obtained from the pure shear model as it assumes a perfect anchorage condition. For the 
high aspect ratio (height/width) 0.61 m (2 ft) wide wall, significant difference can be observed 
between the test and the pure shear model predicted backbone curves. The pure shear model 
over predicts both the initial stiffness and the peak strength while the backbone curve predicted 
by the M-CASHEW model, which accounts for the bending and uplift effects, is in good 
agreement with the test backbone curve. Overestimation of the strength of high aspect ratio 
walls by the pure shear model has also been observed by others (Christovasilis and Filiatrault 
2010). 
 
 
Figure 5.5: Backbone curves of fully anchored shear walls. 
 
 2.44 m (8 ft) 
 0.61 m (2 ft) 
 2.44 m (8 ft) 
 0.61 m (2 ft) 
88 
 
 
5.6.1 Intermediate Anchored Walls 
The model and test backbone curves and uplifts of intermediate anchored shearwalls 
are shown in Figure 5.7 and Figure 5.8, respectively. As can be seen, the model is able to 
reproduce the test backbone curves for the 1.22 m (4 ft) wide wall. While the model slightly 
over-estimates the strength for the 3.66 m (12 ft) wide wall, the general trend of the model 
predicted curve is in good agreement with the test backbone curve. It is worth noting that, since 
the M-CASHEW model is formulated based on co-rotational and large deformation theory, it is 
more robust and numerically stable in the post-peak region than those models formulated 
based on small deformation theory. This is evident from the capability of the M-CASHEW model 
to predict the post-peak force response of the wall all the way to incipient collapse (with less 
than 25% of the peak restoring force). The failure mechanism of the intermediate anchored 
shearwalls can be explained using the stud uplift curves shown in Figure 5.8. Note that both the 
test and model uplifts at location #3 are near zero when the top of the wall displacement is less 
than 20 mm (0.8 in). This means the wall rotates and pivots at location #3 when the wall 
#1 
#2 
#1 #2 
#1 
#2 
#3 
Figure 5.6: Uplifts of 2.44m (8ft) and 0.61m (2ft) wide fully anchored shear walls. 
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horizontal displacement is relatively small. As the lateral wall drift increases to more than 30 
mm (1.2 in) of horizontal displacement, studs #1 to #3 are uplifted while stud #4 is still in 
compression. This implies that the pivot point moves to a location between studs #3 and #4. 
This phenomenon is captured by the M-CASHEW program. 
 
3.66 m (12 ft) 
Figure 5.7: Backbone curves of intermediate anchored shear walls. 
 
1.22 m (4 ft) 
3.66 m (12 ft) 
1.22 m (4 ft) 
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5.6.2 Walls with No Ancharage 
For the unanchored walls, two rows of 16d common nails at 76 mm (3 in.) on-center 
were used to connect the bottom plate to the sill plate of the 3.66 m (12 ft) and 2.44 m (8 ft) 
wide wood shearwalls tested by (Salenikovich and Dolan 2003). Figure 5.9 shows the results of 
the predicted and test monotonic backbone curves of the unanchored 3.66 m (12 ft) and 2.44 m 
(8 ft) wide walls.  For the 1.22m (4 ft) wide test walls, two different bottom plate to sill plate 
connections were tested by (Salenikovich and Dolan 2003); two rows of nails (26 nails in total) 
and three rows of nails (36 in total). Figure 5.10 shows the test and model results of the 1.22 m 
(4 ft) wide walls that were connected with different number of nails.  While the models were 
not able to match the peak backbone forces of the tests, the overall shapes of the backbone 
curves matched the test results reasonably well.  
#1 
#2 
#3 
#4 
 Figure 5.8: Uplifts of 3.66 m (12-ft) wide intermediate anchored shear walls. 
 
91 
 
 
 
Figure 5.10: Backbone curves of no anchored shear walls.  
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Figure 5.9: Backbone curves of no anchored shear walls. 
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5.7 Wall with Horizontal Sheathing and Diagonal Bracing 
The fourth set of experimental data used to validate the M-CASHEW program was the 
results of a non-engineered shearwall tested at the Forest Products Laboratory in the 1950s 
(Trayer 1956). The M-CASHEW is a highly flexible program which is capable of modeling various 
types of shearwall construction including those built prior to the 1970’s.  As an illustrative 
example, the M-CASHEW was used to model a 2.74 m x 4.27 m (9 ft x 14 ft) pre-1970 style 
shearwall (Trayer 1956). The wall was sheathed with 203 mm (8 in) wide southern yellow pine 
horizontal boards connected to the framing with 8d nails. There was a vertical joint in each 
course of horizontal boards. The framing consisted of 51 x 102 mm (2 x 4 in) studs spaced 406 
mm (16 in) and braced with 51 x 102 mm (2 x 4 in) cut-in diagonal braces. Since nail test data 
was not available, the 8d sheathing nail parameters shown in Table 5.1 was utilized in this 
model.  Figure 5.11 shows the model and test backbone curves as well as the model predicted 
deformed shape at failure. While the model was not able to produce an exact match, the test 
and model backbone curves are generally in good agreement. It should be noted that the effect 
of cut-in braces are explicitly considered in the M-CASHEW model (Figure 5.11b). Contact 
elements are utilized to model the bearing contact between the cut-in braces and the vertical 
studs. Similarly, the contact elements are also used for modeling the bearing contact and 
separation between the sheathing boards. 
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Figure 5.11: Wall with horizontal sheathing boards, (a) backbone curve (b) failure mechanism. 
 
(b) 
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5.8 Summary  
In order to verify the validity of the new model, the M-CASHEW program was utilized to 
model selected shearwalls tested by various institutions and research programs. Good 
agreements are observed between the test and model predicted backbone and cyclic curves for 
shearwalls and different anchorage conditions. The model is highly flexible in which it can be 
used to model older shearwall construction with horizontal sheathing boards and diagonal 
bracings.  
It should be noted that deterministic connection parameters (mean values) were used in 
this chapter to model and predict the responses of different test shearwalls. The inherent 
variability of properties of wood materials and components can result in differences between 
the measured test responses and results of numerical models of light-frame wood shearwalls. 
The next chapter discusses a study which evaluated the influence of the inherent randomness of 
shearwall connections, such as shear-slip responses of the sheathing and framing nails, on the 
overall response of light-frame wood shearwalls. 
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Chapter 6. PROBABILISTIC SHEARWALL MODEL 
6.1 Introduction 
In the United States, the majority of single family dwellings, low-rise residential and 
some commercial buildings (i.e. hotels, motels) are light-frame wood construction. As discussed 
previously in Chapter One, shearwalls are the main lateral-load resisting elements in light-frame 
wood buildings. Typically, light-frame wood shearwalls are sheathed with either plywood or 
oriented strandboard (OSB) connected to the framing members using fasteners (i.e., nails). The 
results of full-scale wall tests have shown that the peak shear strengths of wood shearwalls may 
vary from wall to wall (e.g., Dinehart et al. 1998; Durham et al. 2001; Pardoen et al. 2003). One 
of the objectives of this thesis study is to develop a methodology to evaluate the uncertainty in 
seismic response of light-frame wood shearwalls. Two procedures, a direct Monte-Carlo 
simulation and simplified simulation methods, were used to generate random realizations of 
shearwalls. For the direct Monte-Carlo approach, two types of random nail models (nails with 
uncorrelated and correlated parameters) were utilized in the simulation process. The shearwall 
simulation procedures are presented in this Chapter.  
6.2 Modeling Approach  
The specialized nonlinear light-frame wood shearwall analysis program discussed in 
Chapter Four, M-CASHEW, was modified and utilized in this Chapter to simulate and estimate 
the resistance variability of nominally identical shearwalls. The M-CASHEW program was initially 
developed for modeling shearwalls with deterministic material and connection properties (see 
Chapters Four and Five). In this chapter, the M-CASHEW program was modified to account for 
the inherent randomness of the connections. Therefore, the shear-slip responses of the nails 
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and hold-downs were explicitly considered and modeled as random variables. Figure 6.1 shows 
an example of a garage door opening shearwall with a depiction of the randomly generated 
connection parameters assigned to it. The hysteretic responses of the framing and sheathing 
nails were modeled using the MSTEW model (Folz and Filiatrault 2001) which includes hysteresis 
pinching, and strength and stiffness degradations (Figure 6.2a). A new asymmetric nonlinear 
hold-down spring model (HD1) was utilized to characterize the uplift force versus uplift 
displacement response of hold-downs (Figure 6.2b). More details on the MSTEW and HD1 
models are provided in Chapter Three. 
 
The variability of the elastic modulus of frames was not considered as it has been shown 
to have negligible influence on the overall response of wood shearwalls (Shirazi and Pang 2011). 
Past studies by others (e.g. Gupta and Kuo 1985; Folz and Filiatrault 2001; Dolan and Foschi 
1991) also revealed that the nonlinear response of wood shearwalls is mainly attributed to the 
Figure 6.1: Example of wood shearwall with random connections. 
 
 
         
 
   
 
   
 
   
 
  
-40 -20 0 20 40-3000
-1500
0
1500
3000
Fo
rc
e 
(N
)
Displacement (mm)
 
 
0 5 10 15
0
10
20
30
Displacement (mm)
Fo
rc
e 
(kN
)
 
 
-30 -20 -10 0 10 20 30-3000
-2000
-1000
0
1000
2000
3000
Displacement (mm)
Fo
rc
e
 
(kN
)
 
 
Faming Nails 
Random Framing Nails Random Sheathing Nails 
Random Hold-downs 
Anchor  
Bolt 
Sheathing Panel 
Sheathing Nail 
Hold-down 
97 
 
nonlinear shear-slip response of the sheathing nails. Andereasson et al. (2002) have shown that 
the bearing between the sheathing panels has marginal effects on the overall response of the 
shearwalls. Therefore, bearing contacts between the panels were not modeled in this study. 
However, the bearing contacts between the framing members were considered at the corner of 
the framing members. 
 
6.3 Uncorrelated Nail Model 
For the MSTEW hysteretic model, the hysteretic modeling parameters derived from the 
cyclic nail tests (see Table 3.1) were fitted to lognormal distributions, except for the α 
parameter which used a beta distribution.. For the purpose of fitting the parameters of a 
lognormal distribution, the r2, r3 and β parameters were transformed from their original 
domains into a new domain which only takes on values ranging from 0 to ∞. The maximum 
likelihood estimation approach was used to fit the distribution parameters of the MSTEW and 
Figure 6.2: (a) MSTEW model and (b) hold-down model. 
(a) (b) 
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HD1 hysteretic parameters derived from connection tests of multiple nominally identical 
specimens (see Chapter Three). Table 6.1 lists the lognormal and beta distribution parameters 
for the 10d common framing, 8d common sheathing, and 8d box sheathing nails, respectively, 
assuming no correlation between the MSTEW hysteretic parameters.  
Table 6.1: Distribution parameters for uncorrelated framing and sheathing nails. 
Side Member 51 x 102 mm   
dimension lumber 
11.11 mm thick 
 OSB 
9.52 mm thick  
OSB 
 
MSTEW 10d common nails 
(F2Fpar10dC) 
8d common nails 
(P2FS8dC14) 
8d box nails 
(P2FS8dB14) 
Distribution Type 
Parameters Scale  ,  Shape  ,   Scale  ,   Shape  ,   Scale  ,   Shape  ,    
K0 (N/mm) 6.68 0.30 7.19 0.57 6.69 0.57 Lognormal 
r1 -3.80 1.05 -3.27 0.55 -3.38 0.55 Lognormal 
|r2 | -2.95 0.54 -3.53 0.62 -3.26 0.62 Lognormal 
r3 -1 -1.66 0.09 -3.04 0.35 -1.35 0.35 Lognormal 
r4 -5.32 0.65 -5.07 0.63 -5.08 0.63 Lognormal 
F0 (N) 7.01 0.16 6.69 0.23 6.56 0.23 Lognormal 
Fi (N) 5.06 0.27 5.19 0.21 4.99 0.21 Lognormal 
∆ (mm)  2.34 0.30 1.88 0.26 2.37 0.26 Lognormal 
α 28.37 4.72 39.50 19.98 40.93 19.98 Beta 
β -1 -1.92 0.07 -1.08 0.06 -1.45 0.06 Lognormal 
Lognormal distribution (, ) 
Beta distribution (, ) 
The cumulative distribution function (CDF) for the lognormal distribution is given in Eqn. 6-1. 
	 ! Ф #$%& '()*+)* ,      (6-1) 
where Ф(.) is the standard normal cumulative distribution function,  is the logarithmic 
standard deviation (shape parameter), and  is the logarithmic mean (scale parameter). As 
stated previously, the α parameter of the MSTEW model was fitted to a beta distribution. The 
CDF for the Beta distribution is given in Eqn. 6-2. 
	-|,  ! /012,/2  3 t12' 56 1 8 t /2' 9:   (6-2) 
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where, ;(.) is the beta function;  and  are parameters of the Beta distribution. The  and 
 parameters can be estimated using the maximum likelihood approach or the method of 
moment approach:  
 ! -<-<1 8 -< =⁄ 8 1            (6-3) 
 ! 1 8 - ? -<1 8 -< =⁄ 8 1      (6-4) 
where, -<= mean and = = variance. In this study, the maximum likelihood approach was used to 
estimate the   and  parameters. 
Table 6.2 provides a summary of the fitted distribution parameters for the TDX5 and 
HTT22 hold-downs. These distribution parameters were used to generate the uncorrelated 
random hold-down (HD1) properties for the wood shearwalls considered in this study (discussed 
in a later section).  
Table 6.2: Distribution parameters for hold-downs with uncorrelated HD1 parameters. 
HD1 TDX5 HTT22 
Distribution Type Parameters Scale Shape Scale Shape 
   ,  @AB,     ,  @AB,    
K0 (N/mm) 9.06 0.09 9.44 0.09 Lognormal 
F0 (N) 8.94 0.52 10.70 0.10 Lognormal 
Fi (N) -0.92 0.00 -0.92 0.00 Lognormal 
δu (mm) 2.68 0.19 2.41 0.09 Lognormal 
r1 -1.52 0.19 -3.08 0.30 Lognormal 
|rd | -1.26 0.83 -1.29 0.29 Lognormal 
ru - 1 -0.74 0.12 -0.74 0.24 Lognormal 
rl  - 1 -1.33 0.18 -1.38 0.33 Lognormal 
rr -1.07 0.19 -0.87 0.23 Lognormal 
ri -5.62 0.50 -5.17 0.34 Lognormal 
 
Figure 6.3 shows examples of MSTEW parameters of selected nail tests discussed in 
Chapter Three fitted to a lognormal distribution. A visual comparison between the empirical 
CDFs and the corresponding fitted lognormal CDFs shown in Figure 6.3 reveals that the 
lognormal distributions fit the data reasonably well. For all of the fitted distributions (both 
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lognormal and beta distributions), Kolmogorov-Smirnov (KS) tests were performed to make sure 
that the lognormal distributions can be used to describe the distribution of the data. The KS 
tests were performed with a significance level, α= 0.05. For the 10d common face-nailing 
framing nails (F2Fpar10dC) shown in Figure 6.3a, the KS value for the fitted Ko parameter was 
0.104 and the critical KS value was 0.338. For the 8d box  sheathing nails (P2FS8dB14) with 11.11 
mm thick OSB, the KS value for the fitted Fo parameter was 0.122 and its critical KS value was 
0.309. 
 
Figure 6.4 shows the pair-wise scatter plots of selected 8d common sheathing nail (with 
a 11.1 mm thick OSB) MSTEW parameters simulated assuming that these parameters are 
uncorrelated. Also shown in Figure 6.4 are the scatter plots of the MSTEW parameters fitted 
directly using the cyclic test data (see Chapter Three). As can be seen, the correlation 
coefficients computed directly from the cyclic test results for Ko versus r4, and ∆ versus r2 are 
0.81 and 0.77, respectively, which indicate that the nail parameters are highly correlated. Figure 
6.5 shows example hysteretic loops (solid red) generated using the uncorrelated MSTEW 
distribution parameters listed in Table 6.1. Figure 6.5 illustrates the hysteretic loops generated 
using the mean of each individual MSTEW parameters calculated from the MSTEW parameters 
Figure 6.3: Lognormal CDF fits for (a) Ko of the 10d common framing nail (F2Fpar10dC) and (b) Fo of 
the 8d sheathing nail (P2FS8dB14) test data. 
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derived from multiple samples of the 8d common (P2FS8dC14) sheathing nail tests (See 
Appendix B). Note that these mean MSTEW parameters were utilized in Chapter Five to model 
the deterministic responses of shearwalls. The randomly generated uncorrelated nail 
parameters discussed in this section were used in the direct Monte Carlo simulation approach to 
generate random realizations of shearwalls.    
  
  
Figure 6.4: Examples of simulated uncorrelated and test-derived MSTEW parameters for 8d common 
nails. 
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Figure 6.5: Examples of hysteretic loops simulated using uncorrelated and average parameters for 8d 
common nails. 
6.4 Correlated Nail Model 
The scatter plots in Figure 6.4 reveal that strong correlations exist between certain pairs 
of MSTEW parameters. Therefore, it might be necessary to model the MSTEW nail parameters 
as a set of correlated random variables. Iman and Conover (1982) proposed a method for 
inducing correlation among sets of random variables derived from test data. The method 
proposed by Iman and Conover (1982) is a distribution-free method which utilizes the Cholesky 
decomposition of the correlation matrix (Scheuer and Stoller 1962) to preserve the exact form 
of the correlation matrix computed from the test data. The method for generating correlated 
random variables by Iman and Conovor (1982) was used in this study and the procedure is 
summarized in the following paragraph. 
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Consider a matrix X which represents sets of independent random variables (i.e. the 
fitted MSTEW parameters) and its correlation matrix is given by C (i.e. the target or desired 
correlation matrix derived from the test data). The matrix C can be written as C ! DDE, where P 
is the lower triangular matrix. Note that multiplying the matrix X and the transpose of P 
together (FDE) results in random variables with a correlation matrix equal to the desired 
correlation matrix C. Utilizing this behavior, the following steps can be used to generate 
correlated random variables using the Cholesky decomposition: 
1. Generate a sample matrix R with size N H K using independent random variables and 
calculate its correlation matrix T, where N is the number of simulations, and K is the number 
of modeling parameters which is equal to 10 for the MSTEW model. In other words, 
generate N sets of uncorrelated MSTEW parameters. 
2. Use the Cholesky decomposition to calculate the lower triangular matrix P of the target 
correlation matrix (computed from the test data) where C! DDE . 
3. Calculate the lower triangular matrix Q of the sample correlation matrix T (computed from 
the sample matrix R where E ! JJE). 
4. Find a matrix S such that KEKE ! C. Note that the solution for matrix S can be calculated as 
K ! DJ'L. 
5. Rearrange the variables in matrix R to obtain the same rank-order as the target matrix by 
multiplying R by the transpose of S (MNO ! MKE). As a result, the final rank-ordered matrix 
MNO  has a correlation matrix equal to C (i.e. the correlation matrix of the test data). 
For discussion purposes, the results of the 10d common framing (F2Fpar10dC) and 8d 
common sheathing (P2FS8dC14) nails shown in Table 3.4 and Table A.6 are used herein to 
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illustrate the process of generating correlated nail parameters. The first step for generating 
correlated MSTEW parameters is to estimate the correlation coefficients of the fitted MSTEW 
parameters. Tables 6.3 and 6.4 show the coefficients of correlation of the fitted MSTEW 
parameters for the 10d common framing and 8d common sheathing nails, respectively.  
Table 6.3: Correlation coefficients for the 10d common framing nail parameters (F2Fpar10dC). 
 K0 r1 r2 r3 r4 F0 Fi ∆ Α β 
K0  1.00 -0.27 0.36 0.15 -0.25 -0.02 0.37 0.04 0.43 0.16 
r1  1.00 0.13 0.46 -0.43 -0.40 -0.59 -0.33 0.06 0.04 
r2    1.00 0.40 -0.47 -0.51 -0.43 -0.47 0.55 -0.08 
r3     1.00 -0.07 -0.28 -0.15 -0.12 -0.05 -0.06 
r4     1.00 0.57 0.41 0.14 -0.58 -0.14 
F0      1.00 0.41 0.11 -0.28 -0.06 
Fi    Sym.   1.00 0.40 -0.24 0.24 
∆        1.00 -0.03 0.14 
α         1.00 0.51 
β           1.00 
 
Table 6.4: Correlation coefficients for the 8d common sheathing nail parameters (P2FS8dC14). 
 K0 r1 r2 r3 r4 F0 Fi ∆ Α β 
K0 1.00 -0.68 0.48 -0.32 -0.82 0.06 -0.31 -0.42 0.11 -0.30 
r1  1.00 -0.21 0.50 0.47 0.07 0.47 0.21 -0.56 0.11 
r2   1.00 0.00 -0.18 -0.25 -0.33 -0.77 -0.06 -0.03 
r3    1.00 0.57 0.01 -0.05 -0.13 -0.36 -0.21 
r4     1.00 -0.27 -0.04 0.06 0.08 0.25 
F0      1.00 0.43 0.19 0.03 0.25 
Fi  Sym.   1.00 0.47 -0.41 0.34 
∆        1.00 -0.22 0.11 
α         1.00 0.32 
β          1.00 
 
Using the aforementioned procedure, 100 sets of MSTEW parameters (simulations), 
each for the 10d common framing and 8d common sheathing nails, were generated. The 
coefficients of correlation of the simulated MSTEW parameters are presented in Table 6.5 and 
Table 6.6 accordingly. As can be seen, the coefficients of correlation of the simulated MSTEW 
parameters are almost identical to that of the original fitted MSTEW parameters (see Tables 6.3 
and 6.4). It should be noted that in the process of simulating the correlated MSTEW parameters, 
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parameters r2, r3, and β were transformed into ||, r3-1, and β-1, respectively. Adding or 
subtracting a constant, or multiplying a positive constant by a variable will not change the value 
of the correlation coefficient. Therefore, the transformations employed for parameters r2, r3, and 
β did not affect the correlation coefficients. Finally, the transformed parameters ||, r3-1, and β-
1 of the simulated correlated random variables were converted back into the original domain 
(i.e. r3, r3 and β). The randomly generated correlated nail parameters were used to simulate 
random realizations of shearwalls. 
Table 6.5: Correlation coefficients for the simulated 10d common framing nail parameters(F2Fpar10dC). 
 K0 r1 r2 r3 r4 F0 Fi ∆ Α β 
K0  1.00 -0.27 0.35 0.14 -0.27 -0.03 0.36 0.04 0.41 0.16 
r1  1.00 0.10 0.44 -0.42 -0.37 -0.55 -0.30 0.04 0.04 
r2    1.00 0.39 -0.48 -0.53 -0.43 -0.48 0.55 -0.09 
r3     1.00 -0.06 -0.28 -0.14 -0.11 -0.05 -0.05 
r4     1.00 0.55 0.41 0.16 -0.57 -0.13 
F0      1.00 0.41 0.12 -0.29 -0.04 
Fi    Sym.   1.00 0.40 -0.24 0.26 
∆        1.00 -0.05 0.13 
α         1.00 0.49 
β           1.00 
 
Table 6.6: Correlation coefficients for the simulated 8d common sheathing nail parameters (P2FS8Dc14). 
 K0 r1 r2 r3 r4 F0 Fi ∆ Α β 
K0 1.00 -0.68 0.48 -0.32 -0.82 0.06 -0.32 -0.42 0.11 -0.31 
r1  1.00 -0.21 0.49 0.46 0.08 0.48 0.21 -0.57 0.11 
r2   1.00 0.00 -0.18 -0.26 -0.33 -0.76 -0.06 -0.04 
r3    1.00 0.57 0.01 -0.05 -0.13 -0.37 -0.22 
r4     1.00 -0.27 -0.04 0.06 0.07 0.25 
F0      1.00 0.43 0.19 0.01 0.23 
Fi  Sym.   1.00 0.47 -0.42 0.34 
∆        1.00 -0.22 0.12 
α         1.00 0.32 
β          1.00 
Figure 6.6 shows a selection of the scatter plots of the simulated correlated MSTEW 
parameters and the parameters fitted directly using the cyclic test data of the 8d common 
sheathing nails. As can be seen in Figure 6.6, the correlation coefficients of the simulated nail 
parameters are very close to that observed in the cyclic tests.   
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Figure 6.6: Simulated correlated and test MSTEW parameters for 8d common sheathing nails. 
 
Figure 6.7 shows example hysteretic loops generated using the previously discussed 
correlated nail model overlaid on top of the hysteretic loops generated using the mean nail 
parameters (Table A.6) for the 8d common sheathing nails (P2FS8dC14). Note that the 
correlation considered in this study is the correlation between the nail or hold-down 
parameters. The spatial correlation among nails and hold-downs was not considered in this 
study. 
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Figure 6.7: Generated correlated MSTEW parameters and average MSTEW parameters for 10d common 
nails. 
 
6.5 Direct Monte Carlo Simulation of Shearwalls 
The influences of variability in the nail and hold-down connections on the overall shear 
strength of shearwalls were investigated using Monte Carlo simulation. The two probabilistic 
nail and hold-down models discussed in the previous sections (i.e. correlated and uncorrelated 
models) were utilized to generate shearwall models with random connection properties. The 
Monte Carlo simulation process is discussed in the following steps: 
1. Create a shearwall model using the M-CASHEW program developed in Chapter Four 
with mean nail and hold-down parameters.  
 
2. Replace each nail in the shearwall model with a set of randomly generated MSTEW 
parameters using either the correlated or uncorrelated nail model. 
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3. Replace each hold-down in the shearwall model with a set of randomly generated HD1 
parameters using either the correlated or uncorrelated hold-down model.  
 
4. Repeat steps 2 and 3 to generate multiple realizations of the shearwall.  
5. For each realization generated in step 4, perform a reversed cyclic analysis using the M-
CASHEW program to obtain the cyclic wall hysteresis.  
 
6. Fit a set of MSTEW wall parameters to the wall hysteresis of each realization.  
The procedure discussed above is herein referred as the direct Monte Carlo simulation 
approach since the load-slip hysteresis of each nail and hold-down is explicitly modeled using 
random variables. As an illustrative example, 100 direct Monte Carlo simulations were 
performed for each of the three shearwall configurations (a fully sheathed wall and, walls with a 
garage door opening, and pedestrian door opening). The details of these three shearwalls are 
discussed in the next section. 
6.6 Simulation Results 
As an illustrative example, the M-CASHEW program was used to analyze the variability 
in the lateral capacity of the shearwalls tested by Johnston et al. (2006) and Pardoen et al. 
(2003) using the uncorrelated and correlated nail parameters.   
Johnston et al. (2006) tested fully sheathed (FS) shearwalls under different levels of 
gravity loads (0, 6, 12, and 25 kN/m (0, 425, 850, or 1,700 lb/ft)). The cyclic nail test results 
obtained from the 10d common, 3.68 mm (0.145 in) diameter, framing nails were used to model 
the 16d framing nails, 3.33 mm (0.131 in) diameter, used in the Johnston et al. (2006) shearwall 
tests since the diameters of these two types of nails were very similar. In order to investigate 
the influence of an opening on the variability in the lateral capacity of shearwalls, the two sets 
of wood shearwalls with openings tested by Pardoen et al. (2003), walls with garage door 
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opening (GD) and pedestrian door opening (PD), were also modeled. Gravity loads were not 
applied to the shearwalls tested by Pardoen et al. (2003).  
The two probabilistic nail and hold-down models discussed in the previous sections (i.e. 
correlated and uncorrelated models) were employed to generate shearwall models with random 
connection behavior. The variability in the nail and hold-down connection on the overall shear 
strength of different shearwall configurations were investigated by generating a set of random 
hysteretic MSTEW parameters for each nail and hold-down connection. For each wall 
configuration, 100 simulations were performed and a set of MSTEW parameters was fitted to 
the cyclic hysteretic curve of each simulated shearwall. Table 6.7 shows the mean MSTEW wall 
parameters fitted to the simulation results for each wall configuration. 
Table 6.7: Average MSTEW parameters fitted to simulated walls. 
Gravity Load 
kN/m 
Nail and 
Hold-down 
Model 
K0 r1 r2 r3 r4 F0 Fi ∆ α β Fu 
(kN/mm)    (kN) (kN) (mm)  (kN) 
25 (FS) Uncorrelated 1.89 0.119 -0.107 1.01 0.009 18.46 2.91 42 0.79 1.34 27.69 
25 (FS) Correlated 1.99 0.108 -0.098 1.01 0.007 19.05 3.30 42 0.76 1.36 27.64 
12 (FS) Uncorrelated 1.91 0.104 -0.093 1.01 0.012 20.33 2.81 44 0.82 1.34 28.63 
12 (FS) Correlated 1.97 0.088 -0.081 1.01 0.015 21.36 3.33 44 0.81 1.35 28.42 
6 (FS) Uncorrelated 1.91 0.099 -0.082 1.01 0.013 20.83 2.65 47 0.81 1.34 29.14 
6 (FS) Correlated 1.97 0.075 -0.063 1.01 0.015 22.23 3.17 45 0.81 1.34 28.37 
0 (FS) Uncorrelated 1.90 0.125 -0.166 1.01 0.017 17.76 2.64 51 0.80 1.22 29.46 
0 (FS) Correlated 2.02 0.121 -0.193 1.02 0.018 17.15 3.09 51 0.74 1.26 29.37 
0 (GD) Uncorrelated 1.37 0.077 -0.173 1.01 0.025 31.28 3.56 94 0.89 1.22 40.51 
0 (GD) Correlated 1.42 0.063 -0.177 1.01 0.023 33.16 3.72 95 0.89 1.20 40.91 
0 (PD) Uncorrelated 2.81 0.121 -0.099 1.01 0.011 27.25 3.44 51 0.83 1.28 44.64 
0 (PD) Correlated 2.98 0.111 -0.102 1.01 0.011 28.30 3.68 53 0.82 1.31 45.52 
FS = Fully sheathed, GD = Garage door, PD = Pedestrian door 
Figure 6.8 and Figure 6.9 show the simulated wall hysteretic loops obtained from the 
direct Monte Carlo simulation approach using the uncorrelated and correlated nail and hold-
down models, respectively. In Figure 6.8 and Figure 6.9, the red (darker) hysteretic curves were 
generated using the deterministic mean nail and hold down parameters (mean parameters are 
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given in Appendix A). Among the two direct Monte Carlo simulation approaches, the correlated 
connection model approach was assumed to be the more realistic and more accurate approach.  
 
 
 
Figure 6.8: Simulated shearwall hysteresis(Uncorrelated parameters approach).  
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Figure 6.9: Simulated shearwall hysteresis (Correlated parameters approach). 
 
From Figures 6.8 and 6.9, it can be seen that the hysteretic loops of the shearwalls 
generated using the uncorrelated connections resemble those generated using the correlated 
connections. This suggests that the uncorrelated connection models may be used to simulate 
the variability of shearwall resistance. Also shown in the figures, the hysteretic loops of the 
shearwalls with a garage door opening have less spreadness than that of the fully sheathed 
shearwalls. Table 6.8 shows the COV values of the shearwall MSTEW parameters obtained using 
the direct Monte Carlo simulation procedure. Table 6.8 confirms the phenomenon shown in 
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Figure 6.8 and 6.9 in which the COVs of the key MSTEW parameters (e.g. Ko, Fo and ∆) for the 
walls with an opening (GD and PD) are generally less than that of the fully sheathed (FS) walls. 
The reduced variability might be attributed to the higher wall pier aspect ratios in the walls with 
openings compared to that of the fully sheathed wall. In the shearwall with high aspect ratio 
wall piers, rocking deformation generally dominates over shear deformation. Under a rocking 
dominant deformation mode, only those sheathing nails connected to the bottom plates (or sill 
plates) undergo significant shear-slip deformations and thus govern the overall shearwall 
responses. Therefore, variability in the nail connections of walls with rocking deformation (PD 
and GD walls) has a less significant impact on the overall wall behavior than that of the fully 
sheathed wall (FS) where the overall wall behavior is controlled by all the sheathing nails. Note 
that, intuitively, one would expect the hysteresis loops of the models with mean nails 
parameters shown in Figures 6.8 and 6.9 to be in the middle of the bulk of hysteresis loops 
obtained from the walls with randomly generated nails. However, the simulation results show 
that the mean nail hysteresis loops do not always fall in the middle of the bulk of simulated 
shearwalls. The reason of this phenomenon should be more thoroughly investigated in the 
future. 
In the direct Monte Carlo simulation process, 100 simulations were performed for each 
wall type. It is clear that having more number of simulations will provide more accurate and 
more comprehensive results with high confidence level. However, due to computational 
overhead and time required to perform large number of simulations, only 100 simulations were 
performed for each wall type.  Future work should use variance reduction techniques like Latin 
hypercube sampling to alleviate some of the simulation burden.  
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Table 6.8: Coefficients of variation of the fitted MSTEW parameters for simulated walls. 
Gravity Load Type COVs 
kN/m  K0 r1 r2 r3 r4 F0 Fi ∆ α β Fu 
25 (FS) Uncorrelated 0.06 0.26 0.97 0.01 1.27 0.14 0.09 0.11 0.09 0.03 0.09 
25 (FS) Correlated 0.04 0.17 0.64 0.01 1.29 0.09 0.16 0.08 0.06 0.02 0.03 
12 (FS) Uncorrelated 0.05 0.23 0.92 0.00 1.31 0.11 0.10 0.08 0.07 0.03 0.06 
12 (FS) Correlated 0.05 0.23 0.30 0.00 1.41 0.09 0.16 0.08 0.07 0.03 0.06 
6 (FS) Uncorrelated 0.04 0.27 0.38 0.00 0.30 0.12 0.10 0.09 0.08 0.02 0.04 
6 (FS) Correlated 0.04 0.34 0.53 0.01 0.56 0.11 0.17 0.12 0.08 0.03 0.04 
0 (FS) Uncorrelated 0.04 0.29 0.35 0.00 0.22 0.17 0.07 0.11 0.10 0.03 0.04 
0 (FS) Correlated 0.03 0.25 0.63 0.03 0.28 0.13 0.14 0.10 0.09 0.04 0.04 
0 (GD) Uncorrelated 0.02 0.30 1.18 0.00 0.26 0.08 0.06 0.04 0.05 0.05 0.03 
0 (GD) Correlated 0.01 0.29 0.28 0.00 0.20 0.07 0.06 0.03 0.05 0.03 0.02 
0 (PD) Uncorrelated 0.02 0.12 0.45 0.00 0.66 0.07 0.06 0.06 0.06 0.07 0.03 
0 (PD) Correlated 0.02 0.09 0.33 0.00 0.42 0.05 0.06 0.03 0.05 0.05 0.02 
 
6.7  Comparison Between Nail-Level and Wall-Level Dispersion  
Table 6.9 shows the coefficient of variation (COV) values of the framing nail, sheathing 
nail and hold-down hysteresis parameters. For the sheathing nails, except for the α and β 
parameters which have relatively low dispersion values, the COVs of other parameters ranged 
from 0.2 to as high as 0.72. Comparison between the COVs of the initial stiffness (Ko) of the 
sheathing nails (0.37 to 0.63) and shearwalls (0.01 to 0.06) reveals that the dispersions of the 
initial stiffness at the nail-level were significantly higher than at the wall-level. Similarly, the 
COVs of the ∆ parameter (displacement at peak force) also exhibited the same pattern, i.e. a 
reduction in the dispersions of the ∆ parameter from the nail-level to the wall-level. At the wall-
level, the sheathing panels provide load-sharing mechanisms for the sheathing nails. This results 
in the dispersion at the wall-level lower than that of the connection-level (i.e. nail and hold-
down). Because it has an averaging effect and the wall becomes less sensitive to localized 
variations. 
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Table 6.9: Coefficients of variation of framing nails, sheathing nails and hold-downs. 
 Thickness 
OSB (mm) 
COVs 
Connection Type 
Framing Nail (Face-nailing) MSTEW K0 r1 r2 r3 r4 F0 Fi ∆ Α β 
F2Fper10dC   - 
0.27 0.35 0.39 0.12 0.41 0.17 0.27 0.26 0.07 0.07 
Sheathing Nail (MSTEW) K0 r1 r2 r3 r4 F0 Fi ∆ Α β 
P2FS8dC14 11.1 0.37 0.36 0.38 0.07 0.38 0.14 0.15 0.30 0.09 0.05 
P2FS8dB14 11.1 0.32 0.65 0.56 0.16 0.63 0.17 0.21 0.26 0.07 0.06 
P2FD16dS14 a 11.1 0.54 0.44 0.90 0.26 0.82 0.30 0.22 0.37 0.11 0.07 
P2FS16dS14 11.1 0.60 1.31 0.72 0.34 0.76 0.43 0.25 0.20 0.10 0.08 
P2FD16dS19 a 15.1 0.63 0.47 0.66 0.34 0.85 0.17 0.21 0.34 0.05 0.04 
P2FS10dC14 11.1 0.62 0.37 0.61 0.01 0.81 0.23 0.27 0.16 0.05 0.05 
P2FS10dC14 11.1 0.45 0.50 0.65 0.23 0.51 0.15 0.19 0.24 0.11 0.05 
P2FS10dC24 19.1 0.56 0.64 0.91 0.18 0.98 0.23 0.23 0.30 0.15 0.06 
Mean (P2F)  0.51 0.59 0.67 0.20 0.72 0.23 0.22 0.27 0.09 0.06 
Hold-down (HD1)  K0 F0 Fi Du r1 rd ru rl rr ri 
UPS TDX5 - 0.09 0.50 - 0.18 0.18 0.65 0.04 0.04 0.18 0.50 
Simpson HTT22 - 0.09 0.10 - 0.09 0.31 0.27 0.06 0.08 0.21 0.28 
Mean  0.09 0.30 - 0.14 0.25 0.46 0.05 0.06 0.20 0.39 
F2F = Frame to Frame, P2F = Panel to Frame 
a 
The 16d sinkers, 2.55 mm (3.25 in) length and 4.04 mm (0.159 in) diameter, were tested under double 
shear with the OSB sandwiched between two framing members. 
6.8 Simplified Shearwall Simulation  
The computational overhead of estimating the statistics of wall parameters by first 
performing the direct Monte Carlo simulations at the nail-level and then cyclic analyses at the 
wall-level using the M-CASHEW program is extremely high. To reduce the computational 
overhead, a simplified simulation approach is proposed for generating random wall parameters 
without directly simulating each individual nail and hold-down in a shearwall. The simplified 
shearwall simulation procedure is as follow: 
1) For a given wall configuration, use the M-CASHEW program to create a mechanistic wall 
model with the deterministic (mean) nail and hold-down parameters (the mean parameters 
are listed in Appendix A).  
 
2) Fit a set of ten MSTEW parameters to the hysteresis loops obtained from the cyclic analysis 
of the deterministic wall (red curve in Figures 6.8 and 6.9). These wall parameters, 
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determined using the deterministic connections, are assumed to be the mean values (first 
moments) of the random wall parameters. 
 
3) Multiply the mean wall parameters determined in step 2 to the corresponding mean COV 
values of the wall parameters determined using the direction Monte Carlo approach (Table 
6.8) to estimate the standard deviations (second central moments) of the wall parameters.  
 
4) Once the first and second central moments are determined, use the method of moments 
approach to fit the MSTEW wall parameters to statistical distributions. Note that the 
MSTEW parameters (i.e., KP, r, r, r, r, FP, FS, ∆, and β ) are fitted to lognormal 
distributions and the MSTEW α parameter is fitted to a beta distribution (Table 6.10).  
 
5) Once the distribution parameters are determined for each MSTEW wall parameter, generate 
the wall parameters as independent random variables (i.e. with considering no correlation 
among the wall parameters). 
 
Figures 6.10 and 6.11 show the hysteretic loops generated using the simplified 
simulation approach discussed above for fully sheathed shearwalls and walls with an opening, 
respectively. The simulated wall hysteretic loops appear to resemble those obtained using the 
direct Monte Carlo simulations (Figure 6.8). The simplified simulation approach is 
computationally efficient since each realization of shearwall can be generated without explicitly 
creating a new mechanistic wall model with randomly simulated nail connections.  
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Figure 6.10: Shearwall hysteresis simulated using the correlated connection models (simplified approach). 
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Figure 6.11: Shearwall hysteresis simulated using the correlated connection models (simplified approach). 
In Section 6.13 of this Chapter, the validity of the simplified simulation approach is 
examined by comparing the wall drift fragility curves obtained from nonlinear dynamic time 
history analyses of shearwalls generated using both the simplified simulation approach and the 
direct Monte Carlo simulation approach. 
6.9 Nail-level versus Wall-level Uncertainty 
Table 6.10 shows the statistical distribution parameters fitted using the method of 
moments approach for shearwalls generated using the simplified simulation approach. The same 
statistical distributions used to fit the nail parameters (i.e. lognormal and beta distributions, see 
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Table 6.1) were used to model the MSTEW shearwall parameters. In a fragility analysis 
framework, the dispersion of the lognormal distribution is commonly used for quantifying the 
uncertainty. Comparisons between the scale and dispersion parameters of the nails (Table 6.1) 
and walls (Table 6.10) reveal that the dispersion at the wall-level is significantly lower than that 
at the nail-level. This observation is expected. The main reason for this is, in a shearwall, the 
sheathing panels serve as load-sharing mechanisms which distribute the loads among 
connectors, resulting in an “averaging” effect. This phenomenon is also expected to be observed 
at the building-level where the floor diaphragms provide load sharing mechanisms for wood 
shearwalls. The building-level analyses are discussed in Chapter Seven. 
Table 6.10: Distribution parameters for simplified simulation approach walls. 
 
Wall Type 
(Gravity Load) 
 
Dist. 
Para. 
MSTEW Parameters 
(a)
K0  (a)
r1 
(a)
|r2 | 
(a)
r3 -1 
(a)
r4 
(a)
F0 
(a)
Fi  
(a)
∆  
(b)
α 
(a)
β -1 
Logn. Beta (N/mm)     (N) (N) (mm)   
FS 
(25 kN/m) 
    7.60 -2.24 -2.49 -4.61 -5.45 9.85 8.09 3.73 65.90 -1.02    0.04 0.17 0.59 0.01 0.99 0.09 0.16 0.08 20.80 0.02 
FS 
(12 kN/m) 
    7.58 -2.46 -2.56 -4.61 -4.75 9.97 8.10 3.78 37.96 -1.05    0.05 0.23 0.29 0.00 1.05 0.09 0.16 0.08 8.90 0.03 
FS 
(6 kN/m) 
    7.59 -2.65 -2.89 -4.61 -4.34 10.00 8.05 3.80 28.77 -1.08    0.04 0.33 0.50 0.01 0.52 0.11 0.17 0.12 6.77 0.03 
FS 
(0 kN/m)  
    7.61 -2.14 -1.81 -3.91 -4.06 9.74 8.03 3.93 31.35 -1.35    0.03 0.25 0.58 0.03 0.27 0.13 0.14 0.10 11.02 0.04 
GD  
(0 kN/m) 
    7.26 -2.79 -1.75 -4.61 -3.79 10.41 8.22 4.55 67.86 -1.61    0.01 0.23 0.21 0.00 0.17 0.07 0.06 0.03 8.38 0.03 
PD  
(0 kN/m) 
    8.00 -2.20 -2.33 -4.61 -4.59 10.25 8.21 3.97 71.18 -1.17    0.02 0.09 0.32 0.00 0.40 0.05 0.06 0.03 15.62 0.05 
(a)
 Lognormal distribution (, ) (b)
 Beta distribution (, ) 
6.10 Nonlinear Time History Analyses 
Nonlinear time history analyses (NLTHA) under earthquake loading were performed to 
obtain and compare the load-displacement responses of shearwalls simulated using the direct 
Monte Carlo and simplified approaches. The ensemble of 22 bi-axial far-field ground motions 
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developed in the FEMA P-695 project, formerly known as the Applied Technology Council 
project 63 (ATC-63), were used in the NLTHA (FEMA 2009).  
The maximum allowable gravity loads applied on the top of the garage door and 
pedestrian door opening walls were computed based on the design requirements in the 2005 
version of the National Design Specification (NDS 2005) for wood construction considering three 
failure limit states: buckling of studs, compressive stress in the studs, and bearing capacity of the 
top and bottom plates. For the fully sheathed walls, the actual seismic weights used in the tests 
by Johnston et al. (2006), which were also computed based on the 2005 NDS, were used in the 
NLTHA.  
The code specified design spectral values were determined following the requirements 
of ASCE 7-05 (ASCE 2005) for a representative location in southern California region. The soil 
type is assumed to be site class D (Stiff soil). Table 6.11 provides the design spectral acceleration 
parameters for the shearwalls with an opening used in the seismic weight calculations.  
Table 6.11: Design spectral acceleration parameters. 
Mapped 
Spectral 
Acceleration 
(g) 
Site 
Coefficients 
Maximum 
Credible 
Earthquake 
 (g) 
Design Basis 
Earthquake  
(g) 
Response 
Modification 
Factor 
Importance 
Factor 
Seismic 
Response 
Coefficient 
Ss S1 Fa Fv SMS SM1 SDS SD1 R I Cs 
1.5 0.9 1.0 1.5 1.5 1.35 1.0 0.9 6.5 1.0 0.154 
The allowable seismic weights are summarized in Table 6.12 and the details of the 
seismic weight calculations can be found in Appendix C. 
Table 6.12: Allowable shearwall seismic weights. 
 
 
Fully Sheathed Garage Door Opening Pedestrian Door Opening 
kN/m kN/m kN/m 
Seismic Weight 
25.00 25.5 24.00 
12.00 12.75 12.00 
6.00 6.40 6.00 
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6.10.1 Scaling of Ground Motions 
The far-field ground motions were scaled in accordance to the FEMA P-695 scaling 
methodology to four different hazard levels having 2%, 10%, 50%, and 90% probabilities of 
exceedance in 50 years (i.e., 2%/50 years, 10%/50 years, 50%/50 years, and 90%/50 years) for a 
location representative of the Southern California type of seismicity. Table 6.13 provides the 
spectral acceleration parameters at the four hazard levels considered in this study determined 
in accordance to the ASCE 41 (ASCE 2006). 
Table 6.13: Spectral acceleration parameters at four hazard levels. 
Exceedance 
Probability 
spectral acceleration  
To=0.2(Sx1/Sxs) 
(S) 
TS = Sx1/Sxs 
(S) 
Short period 1 second  
Sxs (g) Sx1 (g) 
90%/50 yr 0.33 0.20 0.12 0.60 
50%/50 yr 0.44 0.26 0.12 0.59 
10%/50 yr 1.00 0.60 0.12 0.60 
2%/50 yr 1.50 0.90 0.12 0.60 
For illustrative purposes, ground motion scaling for the shearwall with a garage door 
opening is discussed herein. Figure 6.12 shows the normalized FEMA P-695 far-field ground 
motion response spectra and the scaled response spectra for the shearwall with a garage door 
opening to the four hazard levels. Scaling of the ground motions was performed using the 
medium normalized response spectrum. The detail of the procedure for normalizing the ground 
motions can be found in the FEMA P-695 report (FEMA 2009).   
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For each hazard level, an ensemble scaling factor was determined by scaling the median 
response of the normalized FEMA P-695 ground motion ensemble at the fundamental period of 
the shearwall to match the code specified target response spectrum (see Figure 6.12c). The 
maximum allowable seismic weight for the garage wall was determined to be 124.36 kN (27.95 
Figure 6.12: ATC ground motion scaled for shear wall with garage door opening. 
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kip) and the mean of the initial wall stiffness was 1.56 kN/mm (8.91 kip/in). Therefore, the 
fundamental period of the garage door opening wall was determined to be 0.57 s. The ensemble 
scaling factor was computed as the ratio of the target response spectral value (at the 
fundamental period of the shearwall) to the spectral value of the median normalized FEMA P-
695 response spectrum at the shearwall fundamental period. The same ensemble scaling factor 
was used to scale each individual normalized ground motions upward or downward. More 
details on the scaling procedure are discussed in the FEMA P-695 report (FEMA 2009). 
6.11 Seismic Drift Fragility Curves 
The fragility function of a structure is a conditional probability statement which describes 
the probability that a structure exceeds a prescribed limit state, conditioned on a seismic 
intensity measure. In a performance-based design framework, the lateral displacement or drift 
is often used as an indicator for seismic performance of the structure. In this study, the failure 
limit state is expressed in terms of the drift demand (D) obtained from the NLTHA  exceeding the 
drift capacity (limit) of the immediate occupancy (IO), life safety (LS) or collapse prevention (CP) 
performance levels prescribed in ASCE 41 (ASCE 2006). The drift limits for the IO, LS and CP 
performance levels are 1%, 2% and 3% of the wall height, respectively. 
Cornell et al. (2002) showed that the seismic drift demand can be characterized using a 
power equation: 
T ! UVWXY ! Z[Y                                       (6-5) 
where bo and b are constants which are determined from regression analysis of the drift 
demand, ε is the random error term and mD is the median of the drift demand. To fit the bo and 
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b constants, the drift versus spectral acceleration points, obtained from time history analyses, 
were transformed into a logarithmic space: 
lnT ! ]^U _ U]^VW _ ]^Y ! ]^Z[ _ ]^Y                                   (6-6) 
Note that ln(ε)  is a normally distributed error term with a zero mean. The demand 
uncertainty arises from the inherent randomness in the ground motions and wall-to-wall 
variability which is quantified by the logarithmic standard deviation of ε (or standard deviation 
of ln(ε)).Figure 6.13 (a) and (b) show the drift demands for shearwalls with a garage and a 
pedestrian door opening simulated using the correlated connection models. 
As discussed in the previous section, in nonlinear time history analyses, the FEMA P-695 
far-field earthquakes were scaled to four hazard levels ranging from earthquakes having 90% 
probability of being exceeded in 50 years (90%/50yr) to 2% exceedance probability in 50 years 
(2%/50yr). Each subplot in Figure 6.12 contains 17,600 data points. One hundred (100) randomly 
simulated shearwalls were used in the NLTHA. For each simulated shearwall, each of the two 
horizontal components of the 22 individual bi-axial ground motions were analyzed separately, 
resulting in 44 analyses for each hazard level. Thus the total number of data points was 17,600 
(100 shearwalls x 44 ground motion records x 4 hazard levels). As can be seen in Figure 6.13, the 
standard deviation or the dispersion of the drift demand increases as the seismic hazard level 
increases from 90%/50yr to 2%/50yr. 
 
124 
 
 
(a) a garage door opening 
 
 
(b) a pedestrian door opening 
Figure 6.13: Drift demand of shearwalls.  
 
Figure 6.14 shows the drift demand versus spectral acceleration scatter plots for the 
shearwalls with a garage and a pedestrian opening in logarithmic space. In logarithmic space, 
the dispersion of the logarithmic drift demand, ln(D), is approximately independent of the 
logarithmic of the intensity measure, ln(Sa).  
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 The inter-story drift is often used as a damage indicator or performance indicator in a 
performance-based seismic design framework. In this study, the probability of failure (or 
fragility) is defined as the probability of the inter-story drift obtained from nonlinear time 
history analyses (drift demand, D) exceeding a prescribed drift limit (drift capacity, C), 
conditioned on a specified hazard intensity (Sa). 
Figure 6.14: Drift demand of walls in logarithmic space. 
(a) garage door opening 
 (b) pedestrian door opening 
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       	` a b T|VW ! 1 8 c defg 'efh i/gjk/hj l ! 1 8 c #efg 'efh /m ,       (6-7) 
 
where, C is the capacity (drift limit), D is the drift demand, φ(.)= standard normal distribution, 
Zn  is the median of capacity, Z[ is the median of demand, n  is the logarithmic standard 
deviation of capacity, and [ is the logarithmic standard deviation of demand. In order to 
evaluate the effects of only the wall-to-wall and ground motion uncertainties, in this study, the 
capacity (drift limit) was assumed to be a deterministic value. Thus, mc was taken as the drift 
limit of the IO, LS or CP performance level (1%, 2% or 3%) and nwas assumed to be zero. 
The logarithmic standard deviation of the error term (o) is used for measuring the total 
uncertainty in the drift demand of shearwalls which is due to both the ground motion-to-ground 
motion and wall-to-wall variabilities: 
  
2 2(ln( )) [ln( ) ] ( [ln( )])T stdev E Eβ ε ε ε= = −                                      (6-8) 
where, stdev(.) the standard deviation function and E[.] is the expectation operator. In order to 
estimate the relative contribution of the wall-to-wall variability to the total drift demand 
uncertainty, nonlinear time history analyses were also performed using the deterministic mean 
wall parameters (derived from the mean nail parameters) and the scaled ATC-63 ground 
motions. The drift demand uncertainty values computed using the deterministic walls contain 
only the ground motion-to-ground motion variability (p). The following relationship is assumed 
when estimating the contributions of variability in ground motions and wall strengths to the 
total uncertainty: 
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o ! iq _ p                                          (6-9) 
Knowing the total uncertainty (o) and the ground motion uncertainty (βG), Eqn. 6-9 can then be 
used to back calculate the wall-to-wall uncertainty (βW). To more accurately assess the 
uncertainty in the response of light-frame wood shearwalls and buildings, in addition to the 
inherent uncertainty in ground motions and wall-to-wall variability considered in this study, 
other sources of uncertainty such as site-to-site, sampling, constructions quality, and capacity 
uncertainties should be considered. However, the focus of this study was to exam the seismic 
response of light-frame wood shearwalls and buildings under wall-to-wall uncertainty. Thus, 
only the ground motions and wall-to-wall uncertainties were considered in Eqn. 6-9. As can be 
seen in Table 6.14 and as expected, the main source of uncertainty comes from the ground 
motions. The total uncertainty values (o) computed for wood shearwalls with openings are 
very close to the uncertainty of the ground motions (p), while the fully sheathed shearwalls 
show more variability in response as the shear deformation dominated the response.  
Table 6.14: Wall-to-wall and ground motion uncertainties. 
Shearwall 
Type 
Seismic Weight 
(kN/m) 
Fitted Parameters 
b0 b rs ! irtu _ rvu  rv rt 
Fully Sheathed 
25.00 2.04 1.08 0.48 0.46 0.14 
12.00 0.96 1.23 0.45 0.42 0.16 
6.00 0.43 1.29 0.41 0.37 0.17 
Garage Door 
25.50 3.77 0.99 0.38 0.38 0.03 
12.75 2.21 1.12 0.37 0.37 0.03 
6.40 1.06 1.14 0.28 0.28 0.02 
Pedestrian Door 
24.00 2.21 1.22 0.56 0.55 0.10 
12.00 1.01 1.21 0.51 0.49 0.15 
6.00 0.48 1.16 0.28 0.27 0.06 
A study by Li and Ellingwood (2004) has showed that for fully anchored shearwalls with 
an opening, the standard logarithmic error of regression, considered only the ground motion 
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uncertainty, was estimated to be 0.32 which was very close to the ground motion uncertainty 
(p) estimated in this study for the shearwall with a garage door opening (0.28-0.38). 
According to the analysis results, the wall-to-wall uncertainty βW varies from 0.02 to 
0.17 for walls with a garage door opening and fully sheathed shearwalls, respectively. Haselton 
and Deierlein (2007) evaluated the uncertainty in collapse risk of reinforced concrete moment 
frames and they found that the total uncertainty, which includes both the modeling and ground 
motions uncertainties, is about 0.58 and the uncertainty term from the ground motions was 
estimated to be 0.45. Yen and Li (2011) investigated the effects of both aleatoric and epistemic 
uncertainties on the seismic collapse of light-frame wood buildings. In the study performed by 
Yen and Li (2011), the wall-to-wall uncertainty was assumed to be 0.18 which is in the range of 
the wall-to-wall uncertainty estimated for the fully sheathed walls. The results of this study 
show that when the size of the opening increases in the shearwalls, the inherent uncertainty 
decreases. In shearwalls with a high wall pier aspect ratio, rocking deformation dominates the 
seismic response.  
Figure 6.15 summarizes the results of wall-to-wall uncertainty (q) as a function of the 
sheathing ratio and allowable seismic weight ratio. The sheathing ratio is defined as the ratio of 
the opening area to the total wall area (overall wall width  × wall height). The allowable seismic 
weight ratio is defined as the ratio of the applied seismic weight to the maximum allowable 
seismic weight per the NDS requirements. In a typical seismic fragility analysis framework, an 
ensemble of ground motions is used while the shearwall model is kept constant (i.e. wall-to-wall 
uncertainty is ignored). Knowing the sheathing ratios and seismic weight ratios, one can use the 
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results presented in Figure 6.15 along with Eqn. 6-9 to estimate the total drift uncertainty of the 
shearwalls (including the wall-to-wall uncertainty).   
 
6.12 Effects of Gravity Load 
Figure 6.16 shows the fragility curves of walls with an opening and subjected to different 
levels of gravity loads. The fragility curves shown in Figure 6.16 are plotted using the data 
obtained from the analyses which include the total uncertainty (o) (i.e. ground motion and 
wall-to-wall) under different levels gravity loads (Table 6.14). These fragility curves describe the 
probability of exceeding the drift limits of the immediate occupancy (IO), life safety (LS) and 
collapse prevention (CP) performance levels prescribed in ASCE 41 (ASCE 2006).  
Figure 6.15: Wall-to-wall uncertainty as a function of the sheathing ratio and allowable seismic weight 
ratio. 
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The drift limits for the IO, LS and CP performance levels are 1%, 2% and 3% drift, 
respectively. As can be seen in Figure 6.16, the influence of gravity loads on the fragility or 
failure probability is significant for walls with openings. As the applied seismic weight increases, 
the fragility curve shifts to the left which indicates that the wall is more vulnerable or more 
likely to exceed the specified drift limit. 
Figure 6.17 shows a comparison of the fragility curves that were determined with the 
direct Monte Carlo simulation approach (using the correlated nail parameters) and the 
Figure 6.16:Fragility curves of walls with opening under different levels of gravity loads and  
different drift limits. 
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simplified simulation approach. These fragility curves were generated for the three drift limits, 
1%, 2% and 3%, corresponding the IO, LS and CP performance levels. Two shearwalls shown in 
Figure 6.20 were fully sheathed with an allowable seismic weight of 12 kN/m and 25 kN/m (0.82 
kip/ft and 1.72 kip/ft) on top of the walls. In addition, two shearwalls with an opening, a 
pedestrian door and a garage door, are also shown in Figure 6.17. The shearwall with a garage 
door opening had a seismic weight of 5 kN/m (0.34 kip/ft), and the shearwall with a pedestrian 
door opening had a seismic weight of 11 kN/m (0.75 kip/ft).  
 
 
Figure 6.17: Comparison of fragility curves produced using the direct Monte Carlo simulation and  
simplified simulation approaches. 
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 (b) fully sheathed wall with full design 
       seismic weight. 
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More information about the shearwall configuration and its material can be found in 
Section 6.6.1 of this chapter. As can be seen, the fragility curves generated using both 
approaches are very close to each other. Table 6.16 shows the differences among the median 
and logarithmic standard deviation lognormal parameters in fragility curves generated for both 
approaches. As can been seen, the differences varied from 0.7 % to 5.9% which were very low.  
This suggests that the simplified simulation approach is an acceptable alternative to the direct 
Monte Carlo simulation for generating random shearwall parameters (MSTEW) and for 
estimating the shearwall resistance uncertainty. 
Table 6.15: % difference for median and logaritmic standard deviation in fragility curves (both approches) 
Shearwall 
Type 
 
Simulation 
 Type 
Seismic Weight 
(kN/m) 
Median  
mD=b0*Sa
b
 
 r  %difference 
b0 B %difference 
Fully  
Sheathed 
Direct 
25.00 
2.04 1.08 
3.5 
0.48 
2.1 
Simplified 1.95 1.09 0.47 
Fully  
Sheathed 
Direct 
12.00 
0.96 1.23 
3.0 
0.45 
2.3 
Simplified 0.93 1.23 0.44 
Garage  
Door 
Direct 
5.00 
0.90 1.15 
0.7 
0.33 
3.0 
Simplified 0.89 1.17 0.34 
Pedestrian 
Door 
Direct 
11.00 
1.18 1.24 
5.9 
0.45 
2.2 
Simplified 1.12 1.23 0.46 
 
6.13 Effect of Wall-to-Wall Uncertainty on Displacement Time Histories 
The variation in the displacement time histories of nominally identical shearwalls to a 
given ground motion record was examined in this section. This allows one to examine the effect 
of wall-to-wall variability without the inclusion of ground motion uncertainty. Time history 
analyses were performed using 100 random realizations each for the garage door and 
pedestrian door opening shearwalls, generated using the simplified wall simulation approach. 
The seismic weight at the top of the garage door opening and pedestrian door opening 
shearwalls were 25.5 kN/m and 24 kN/m (1.75 kip/ft, 1.65 kip/ft), respectively. The ATC-63 
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ground motions record scaled to a hazard level having a 10% probability of exceedance in 50 
years for a typical location in Southern California was chosen for this analysis. A 2% equivalent 
viscous damping, as suggested by others (Folz and Filiatrault 2004b), was used in the time 
history analyses.   
Figure 6.18 and Figure 6.1919 show the displacement time histories at the top of the 
shearwalls with a pedestrian and a garage door opening, respectively. The gray color curves are 
the displacement time history responses of individual random realizations of the generated 
walls. The red color curves are the time history responses obtained from the deterministic M-
CASHEW model which was built using the mean MSTEW wall parameters (seeTable 6.16) It can 
be seen that some of the shearwalls collapsed under the selected ground motions while the 
deterministic models (red curves) did not collapse. A shearwall was assumed to have collapsed 
when the peak displacement was greater than two times the ∆ shown in Table 6.16. Note that 
the failure displacement (∆f) is generally less than 2∆ (see Figure 3.6). 
Table 6.16: Mean MSTEW wall parameters 
Wall  K0 r1 r2 r3 r4 F0 Fi ∆ α β 
(kN/mm)    (kN) (kN)   (mm)  
Garage Door 1.56 0.052 -0.085 1.01 0.001 32.06 42.26 66 0.82 1.28 
Pedestrian Door 3.88 0.077 -0.201 1.01 0.020 38.04 49.56 51 0.87 1.13 
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In many cases shown in Figures 6.18 and 6.19, the deterministic model underestimates 
the peak displacements obtained from individual realizations. This observation suggests that 
using the deterministic model (with mean parameters) in time history analyses might 
underestimate the actual peak displacement and seismic risk. Hence, the wall-to-wall variability 
should be included when performing nonlinear dynamic time history analyses, particularly for 
the building-level analyses. 
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Figure 6.18: Displacement time histories at top of pedestrian door shearwalls. 
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6.14 Summary 
This Chapter presents the results of a seismic uncertainty analysis for wood shearwalls 
with different wall configurations and under different levels of gravity loads. Two probabilistic 
nail and hold-down models (correlated and uncorrelated parameters) were developed and used 
to estimate the inherent uncertainty in the shearwall connections. The FEMA P-695 (previously 
known as ATC-63) far-field ground motions, scaled to four different hazard levels (2, 10, 50, and 
90% /50 years) for Southern California, were used to estimate the wall-to-wall uncertainty. The 
analysis results show that the wall-to-wall uncertainty (logarithmic standard deviation, 
commonly known as the β-term) of a typical light-frame wood shearwall varies from 0.02 to 
0.17. The results of this study also confirm that the uncertainty in the seismic drift demands is 
governed by the ground motion uncertainty.  
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Figure 6.19: Displacement time histories at top of garage door walls. 
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Next, a framework for estimating the inherent (aleatoric) uncertainty of the overall 
seismic behavior of light-frame wood buildings by tracking the propagation of uncertainty from 
connection-level to assembly-level (wall) and eventually to the system-level (whole building) will 
be reported in Chapter Seven. 
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Chapter 7. PROBABILISTIC BUILDING MODEL 
This Chapter presents the results of a study to quantify the uncertainty in the seismic 
performance of a light-frame wood building. Using the simplified simulation approach 
developed in the previous chapter, the modeling parameters for shearwalls in a two-story 
building were generated and the inherent uncertainty in the seismic response of the whole 
building was evaluated. It has been observed in past earthquake events that the seismic 
performance of nominally identical light-frame wood buildings can be variable. The study 
presented in this Chapter seeks to quantify the inherent uncertainty in light-frame wood 
buildings. It should be noted site-to-site variability was not considered in this study. The 
simulated buildings considered in this Chapter were assumed to be located at the same location 
and experienced the same ground shaking.  
7.1  Overview of Existing Building Models 
Current numerical models for light-frame wood buildings typically employ a multi-level 
lumped parameter approach to predict the response of light-frame wood buildings under 
earthquake loading. In these numerical models, the modeling process typically begins at the 
nail-level where the hysteretic load-slip responses of nails are characterized experimentally and 
are fitted to hysteretic models that are capable of capturing both the stiffness and strength 
degradations (Folz and Filiatrault 2001). Next, mechanistic wall-level models which explicitly 
consider the nail schedule and the load-slip response of each nail are constructed to predict the 
capacities of shearwalls under reversed cyclic loading. The top-of-wall force versus displacement 
relationship of a specific shearwall is then characterized using a lumped parameter nonlinear 
hysteretic spring model (typically consisting of 10 to 16 modeling parameters). The lumped 
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parameter nonlinear shearwall springs are then utilized at the house-level model to characterize 
the seismic response of the entire light-frame wood building. There are several computer 
programs developed using this approach for seismic analysis of woodframe buildings (e.g. SAWS 
by Folz and Filiatrault2001; and SAPWood by Pei and van de Lindt 2009). These models are 
formulated based on the assumption that the diaphragms are rigid plates with three degrees-of-
freedom (DOFs) in the horizontal plane (e.g. SAWS) or rigid plates with six DOFs in three 
dimensional (3D) space (e.g. SAPWood). 
7.2 Uncertainty of Light-frame Wood Buildings 
Since wood is a biological building material with high inherent variation in the material 
properties, the performance of nominally identical light-frame wood buildings may vary. 
However, in the aforementioned analytical models, typically only the average (mean) nail 
parameters are utilized to predict the building response. As a result, the seismic responses of 
the final house-level models are deterministic. In order to safely design light-frame wood 
buildings to resist earthquake hazards, it is paramount that the inherent variations in the seismic 
response of light-frame wood buildings are properly quantified and considered in the design 
process. There are several key factors that contribute to the variability in the seismic 
performance of light-frame wood buildings: (1) as a biological building material, the mechanistic 
properties of wood are inherently variable, (2) variability in the load-slip response of the 
connections (e.g., nails, bolts, etc.), and (3) construction or workmanship quality. Due to cost 
constraint, only a limited number of light-frame wood buildings has been tested in full-scale. 
Therefore, direct estimation of the inherent (aleatoric) uncertainty of light-frame wood building 
using full-scale test data is not a viable option. As a result, uncertainty in the seismic response of 
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light-frame wood buildings has never been properly quantified. The rest of this chapter presents 
the development of a stochastic model for estimating the inherent (aleatoric) uncertainty in the 
seismic performance of light-frame wood buildings using the Monte-Carlo simulation technique. 
7.3 Two-story Light-frame Wood Building 
Over the past decades, many experimental studies have been carried out with full-scale 
experimental tests to investigate the performance of light-frame wood structures (see Section 
2.3). The two-story light-frame wood building tested as part of the CUREE project Task 1.1.1 
(Fischer et al., 2001) is selected in this study to investigate the inherent uncertainty of the 
seismic performance of wood buildings under earthquake loading.  
The CUREE Task 1.1.1 tested ten different construction variations (called test Phases) of 
a two-story building with different wall finishing materials. In this study, only the Phase 9 
building which consisted of only structural elements (i.e. shearwalls with structural sheathing 
but without any wall finishes) is considered. The architectural plans of the building were similar 
to typical residential buildings. The plan dimensions of the building were 4.88 m × 6.10 m (16 ft 
× 20 ft) and the height of the structure from the base to the eaves of the roof was 
approximately 5.2 m (17 ft), with a story height of 2.74 m (9 ft). The shearwalls were sheathed 
with 9.5 mm thick (3/8 in) oriented strand board (OSB) attached to the framing members using 
8d box nails with 3.05 mm diameter and 63.50 length (0.12 in diameter and 2.5 in length). The 
nail schedule (perimeter/field nail spacing) for all shearwalls was 150mm/300 mm (6”/12”), 
except for the garage wall where a 75mm/150mm (3”/12”) nail schedule was used. The 
structure was bolted and anchored to the shake table with a 38 mm (1.5 in) thick layer of grout 
to simulate the foundation of the structure. This layer of grout was located between the shake 
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table steel plate and the sill plates of the building. The second floor exterior walls were 
connected to the first floor walls with steel straps. Figure 7.1 provides the elevation views of the 
building. Further information about the tested structure can be found in Fischer et al. (2001). 
 
 
Figure 7.1: Two-story CUREE building elevations. 
 (a) east elevation view ,   (b) west elevation view  
c) North South Elevation View. 
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7.4  Deterministic Building Model 
A new three-dimensional (3D) numerical model, developed as part of the NEES-Soft 
project (Pang et al. 2012) for modeling the 3D response of light-frame wood buildings under 
earthquake motion is utilized in this study to model the two-story CUREE building. Figure 7.2 
shows the 3D model for the two-story CUREE building. In this 3D model, the floor and roof 
diaphragms are assumed to be rigid and modeled using two-node 12 DOFs frame elements with 
a co-rotational formulation.  
 
The shearwalls are modeled using two-node 6-DOF link elements and the corresponding 
CUREE hysteretic shearwall parameters are listed Table 7.1. The parameters in Table 7.1 were 
determined by Folz and Filiatrault (2001) using the CASHEW program with considering the wall 
geometry, shear stiffness of sheathing panels and the hysteretic parameters of the nails. The 
locations of the shearwalls are shown in Figure 7.2. 
 
 
Figure 7.2: 3D model of 2-story building. 
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Table 7.1: Deterministic MSTEW shearwall parameters (Folz and Filiatrault 2001). 
Wall  K0 r1 r2 r3 r4 F0 Fi ∆ α β 
ID (kN/mm)    (kN) (kN) (mm)  
1 2.93 0.083 -0.088 1.10 0.033 35.56 8.36 87.37 0.79 1.07 
2 3.89 0.064 -0.056 1.07 0.030 36.74 8.18 57.91 0.87 1.11 
3 & 4 2.1 0.069 -0.038 1.16 0.023 19.67 4.76 76.71 0.77 1.10 
5 & 6 5.69 0.065 -0.074 1.10 0.029 48.35 10.85 60.45 0.81 1.09 
7 & 8 3.35 0.054 -0.060 1.10 0.030 35.31 12.90 73.92 0.84 1.09 
Walls 1, 2, 5 and 6 are modeled using MSTEW shear spring aligned parallel to the global 
X-direction. Walls 3, 4, 7, and 8 are MSTEW shear springs aligned parallel to the global Y-
direction. 
7.5 Stochastic Building Model 
The seismic performance of light-frame wood buildings is mainly governed by the 
behavior of the shearwalls. To examine the uncertainty associated with each shearwall, the 
simplified shearwall simulation approach developed in Chapter Six is used to generate random 
realizations of the shearwall models for the two-story light-frame wood building. The simplified 
simulation approach was implemented to generate the shearwall parameters. The deterministic 
shearwall parameters in Table 7.1 are assumed to be the mean wall parameters. Figure 7.3 
depicts the concept of a stochastic building model with random shearwall parameters. Note that 
since the simplified shearwall simulation approach is used, the random wall parameters are 
generated directly without explicitly simulating the random nail behaviors (see Section 6.9). 
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Figure 7.4 and Figure 7.5 illustrate the randomly simulated backbone curves for the 
eight shearwalls (gray curves) along with the shearwall backbone curves generated using the 
mean parameters of the deterministic building model (red curves) (i.e. the curves generated 
using the CUREE parameters listed in Table 7.1). Figure 7.4 shows the simulated backbone 
curves for shearwalls oriented along the east-west elevation (X direction), and Figure 7.5 shows 
the simulated backbone curves for shearwalls oriented along the nouth-south elevation (Y 
direction) of the two-story building. 
Figure 7.3: Stochastic building model. 
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Figure 7.5: Randomly simulated backbone curves for South North elevation. 
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Figure 7.4: Randomly simulated backbone curves for East West elevation. 
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7.6 Dynamic Time-history Analyses 
Time history analyses are performed using multiple random realizations of the two-story 
CUREE building produced by random sampling of the shearwall parameters using the statistical 
distribution parameters (i.e. the simplified simulation approach discussed in Chapter Six). The 
effective seismic weights on the first floor and the roof diaphragm are 61.1 kN (13.7 kips) and 
47.4 kN (10.7 kips), respectively. The Rayleigh damping model is used in this study with a 2% 
equivalent viscous damping assigned to the first and second modes.  
One hundred realizations of the two-story CUREE building are generated and then 
analyzed using the Rinaldi earthquake motion recorded during the 1994 Northridge earthquake. 
Figure 7.6 shows the cumulative distributions of the periods of the first three modes. In general, 
the variability in the hysteretic behavior of shearwalls has marginal effects on the initial periods 
of the two-story building. 
 
Figure 7.7 shows the distribution of the natural periods of the one hundred nominally 
identical buildings. The vertical lines shown in Figure 7.7 indicate the natural period obtained 
Figure 7.6: Cumulative distributions of the periods. 
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from the deterministic building model. The periods of the first three modes determined using 
the deterministic shearwall parameters are all below the mean periods determined using the 
stochastic building model. 
 
The ground motion time histories of the 1994 Northridge earthquake at Canoga Park 
and Rinaldi Park were used during the shake table tests of the CUREE-Caltech Woodframe 
Project Task 1.1.1. The 1994 Northridge Earthquake recorded at Canoga Park was used as the 
earthquake with a hazard level of 10% probability of exceedance in 50 years in level 4 of phase 9 
Figure 7.7: Distributions of natural periods of one hundred nominally identical buildings. 
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of the CUREE-Caltech two-story shake table test building. Figure 7.8 shows the 5%-damped 
response spectra of the two horizontal components of the Northridge Rinaldi earthquake
3
. The 
Rinaldi earthquake represents a ground motion with a hazard level of 2% probability of 
exceedance in 50 years and was used during Phase 9 of the CUREE-Caltech Woodframe Project 
in level 5 of the test.  
 
Figure 7.9 shows the acceleration time history-histories of the Northridge earthquake at 
the Rinaldi station. In order to examine only the influence of the building-to-building variability 
on the seismic performance of the two-story building, the one hundred random realizations of 
the building are analyzed using the same ground motion (Northridge earthquake at Rinaldi 
station). The bi-axial motions of the unscaled 1994 Northridge earthquake (Rinaldi record) are 
used in the time history analyses.  
                                                          
3
 Fault-Normal 228 degrees and Fault-Parallel 318 degrees. 
Figure 7.8: Response spectra of Northridge Rinaldi earthquake (two components). 
0 0.2 0.4 0.6 0.8 10
0.5
1
1.5
2
2.5
Period (s)
Sp
ec
tr
al
 
A
cc
el
er
at
io
n
 
(g)
Response Spectra : Northridge 1994/01/17, Station: 77 Rinaldi
 
 
Spectral Accelerations 318
Spectral Accelerations 228
First Mode Period(min)
First Mode Period(max)
148 
 
 
Figure 7.10 and Figure 7.11 show the displacement time histories at the two opposite 
corners of the first floor in the X and Y direction (see Figure 7.2 for node locations). The 
stochastic responses of the buildings are quantified using the maximum inter-story drifts at the 
corner nodes of the floor and roof diaphragms. The gray (brighter) color curves are the 
displacement time histories of individual random realizations of the two-story CUREE building. 
The red (darker) color curves are the mean responses of the two-story building obtained from 
the deterministic building model (Table 7.1). It can be seen that two out of the 100 realizations 
of the two-story building have collapsed (large displacement in the X-direction) while the 
deterministic model does not predict collapse. A displacement of more than 250 mm (9.8 in) 
was considered as the collapse threshold in this study. 
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Figure 7.9: Acceleration time histories of the Northridge earthquake at Rinaldi station. 
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Figure 7.10: Displacement time histories at corner point in the X and Y directions (First Floor). 
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Figure 7.12 shows the resultant displacement time histories at corner nodes on the first 
floor diaphragm (Nodes 1 and 2, see Figure 7.2 for node locations). The maximum displacement 
prediction of the deterministic model (red curve) falls within the upper and lower bounds of that 
obtained from the 100 randomly simulated buildings. However, in many cases, the deterministic 
model underestimates the peak displacements. This suggests that using the deterministic 
building model (with mean shearwall parameters) in time history analyses will likely 
Figure 7.11: Displacement time histories at corner point in the X and Y directions (First Floor). 
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underestimate the actual displacement and seismic risk. These findings illustrate why some of 
the nominally identical light-frame wood structures that are built with the same materials and 
located in the same geographic location collapse or undergo more severe damage during 
earthquakes while others remain standing.  
 
Figure 7.13 shows empirical CDF curves of the peak displacements at different corner 
nodes.   
Figure 7.12: Resultant displacement time histories at corner nodes 1 and 2. 
0 5 10 15-50
0
50
100
150
200
250
300
350
D
is
pl
ac
em
en
t (m
m
)
Time (s)
Total Node 1 - X+Y
 
 
Mean Parameters
Simulations
0 5 10 15-50
0
50
100
150
200
250
300
350
400
D
is
pl
ac
em
en
t (m
m
)
Time (s)
Total Node 2 - X+Y
 
 
Mean Parameters
Simulations
 Underestimates the    
max. displacements 
 
 Underestimates the    
max. displacements 
152 
 
 
7.7  Uncertainty of Peak Drift Response 
In addition to considering the effect of building-to-building variability, the influence of 
the ground motion uncertainty on the response of the two-story light-frame wood building was 
also investigated by performing nonlinear time history analyses combining both the building-to-
building and ground motion uncertainties. The new 3D model and the FEMA P-695 far-field 
ground motions were used in NLTHA. The 22 bi-axial FEMA P-695 far-field ground motions were 
scaled according to the methodology (FEMA 2009) to three different hazard levels (50%/50yr, 
Figure 7.13: CDF curves of peak displacements at corner nodes 1 and 4. 
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10%/50yr and 2%/50yr). The FEMA P-695 scaling procedure was discussed in Section 6.8. For 
each hazard level, the median response spectrum of the normalized ground motion ensemble 
was scaled using a single scaling factor to match the design 5%-damped spectral acceleration at 
the fundamental period of the building (T = 0.306 seconds). The building was assumed to be 
located in a representative location in Southern California and built on stiff soil (site class D). The 
design spectral acceleration values for seismic hazard levels 1 to 3 were determined in 
accordance with the ASCE/SEI-41 (2006) and are shown in Figure 7.14. Table 7.2 provides the 
spectral acceleration parameters for the hazard levels considered in this study. 
 
Table 7.2: Spectral acceleration parameters for three hazard levels. 
Exceedance 
Probability 
spectral acceleration  To= 
0.2Sx1/Sxs 
(S) 
TS = 
 Sx1/Sxs 
(S) 
Return Period 
Year 
ATC  
Median Scale 
Factor 
Short period 1 second  
Sxs (g) Sx1 (g) 
50%/50 yr 0.44 0.26 0.12 0.59 72 0.5147 
10%/50 yr 1.00 0.60 0.12 0.60 472 1.1698 
2%/50 yr 1.50 0.90 0.12 0.60 2475 1.7548 
Figure 7.15 and Figure 7.16 show the normalized FEMA P-695 far-field ground motions 
response spectra and the scaled response spectra for all the three hazard levels.  
Figure 7.14: Design acceleration response spectral for 3 hazard levels. 
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The earthquake ensemble scale factors for the three hazard levels considered are 0.515, 
1.169, and 1.755, respectively (Table 7.3). The final scaling factors for individual ground motion 
components at each hazard level are computed by multiplying the FEMA P-695 ground motion 
normalization factors to the ensemble scale factor at the fundamental period of the two-story 
building. The same randomly generated buildings discussed in Section 7.4 were used in the 
nonlinear time history analyses. Note that for each hazard level, the building was analyzed twice 
for each of the 22 bi-axial ground motion pairs, by orientating the ground motions at 0-degrees 
and 90-degrees, for a total of 44 analyses. 
 
 
Figure 7.16: ATC far-field scaled response spectra.  
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Figure 7.15: ATC far-field scaled response spectra. 
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Table 7.3: Scaling factors for ATC-63 far-field ground motions. 
EQ No 
Record File name ATC-63  
NORM 
Factor 
ATC scale factor 
Component 1 Component 2 
50%/50 yr 10%/50 yr 2%/50 yr 
0.5147 1.1698 1.7548 
1 NORTHR/MUL009 NORTHR/MUL279 0.651 0.335 0.761 1.142 
2 NORTHR/LOS000 NORTHR/LOS270 0.832 0.428 0.973 1.459 
3 DUZCE/BOL000 DUZCE/BOL090 0.629 0.324 0.736 1.104 
4 HECTOR/HEC000 HECTOR/HEC090 1.092 0.562 1.277 1.915 
5 IMPVALL/H-DLT262 IMPVALL/H-DLT352 1.311 0.675 1.534 2.301 
6 IMPVALL/H-E11140 IMPVALL/H-E11230 1.014 0.522 1.186 1.779 
7 KOBE/NIS000 KOBE/NIS090 1.034 0.532 1.210 1.815 
8 KOBE/SHI000 KOBE/SHI090 1.099 0.566 1.286 1.929 
9 KOCAELI/DZC180 KOCAELI/DZC270 0.688 0.354 0.805 1.208 
10 KOCAELI/ARC000 KOCAELI/ARC090 1.360 0.700 1.591 2.387 
11 LANDERS/YER270 LANDERS/YER360 0.987 0.508 1.154 1.731 
12 LANDERS/CLW-LN LANDERS/CLW-TR 1.149 0.591 1.344 2.016 
13 LOMAP/CAP000 LOMAP/CAP090 1.089 0.560 1.273 1.910 
14 LOMAP/G03000 LOMAP/G03090 0.880 0.453 1.030 1.545 
15 MANJIL/ABBAR--L MANJIL/ABBAR—T 0.787 0.405 0.921 1.381 
16 SUPERST/B-ICC000 SUPERST/B-ICC090 0.870 0.448 1.017 1.526 
17 SUPERST/B-POE270 SUPERST/B-POE360 1.174 0.604 1.374 2.061 
18 CAPEMEND/RIO270 CAPEMEND/RIO360 0.820 0.422 0.959 1.439 
19 CHICHI/CHY101-E CHICHI/CHY101-N 0.410 0.211 0.480 0.720 
20 CHICHI/TCU045-E CHICHI/TCU045-N 0.959 0.494 1.122 1.684 
21 SFERN/PEL090 SFERN/PEL180 2.096 1.079 2.452 3.678 
22 FRIULI/A-TMZ000 FRIULI/A-TMZ270 1.440 0.741 1.685 2.527 
 
The results of the time history analyses were used to determine the number of buildings 
required to adequately account for the variability in structural capacity (building-to-building 
uncertainty) and also uncertainty in ground motions. For each hazard level, the maximum inter-
story drifts of N realizations (buildings) in each story (first or second story) of the 44 analyses (22 
earthquakes and 2 orientations) were used to generate the lognormal cumulative distribution 
functions (CDFs), where N is the number of realizations of the building used to generate the 
cumulative peak drift distribution. The nonlinear time history analyses were performed using 
100 random realizations of the building.  
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7.8 Dispersion of Peak Drift Distribution at 2%/50yr Hazard Level 
Figure 7.17 shows the first-story peak drift lognormal CDF curves obtained using 1, 2, 3, 
5, 8, 10 and 12 buildings, randomly selected from the 100 realizations, for the 2%/50yr hazard 
level. For each set of N- building combinations, 15 repetitions were performed from the 100 
random realizations performed during the nonlinear time history analyses of the building model. 
The 15 randomly sampled repetitions were then used to generate estimates of the peak drift 
CDF curves. Also shown in Figure 7.17 is the peak drift distribution curve calculated from the 100 
realizations of the building model performed for the 2%/50yr hazard level. This particular CDF 
curve is considered to be the “actual” peak drift distribution for the 2%/50yr hazard level, which 
accounts for both the building-to-building and earthquake-to-earthquake uncertainties. As seen 
in Figure 7.18, the variation of the CDF curves reduces when the number of buildings used to 
obtain the CDF curves increases. 
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Figure 7.18 shows the influence of the number of buildings on the dispersion of the 
median estimates for the peak first-story drift at the 2%/50yr hazard level. As expected, the 
dispersion of the median drift reduces as the number of buildings increases. The solid line (blue 
line) in Figure 7.18 represents the median peak drift of all the simulated buildings (i.e. the 100 
realizations), and the dashed line (red line) connects the median value of each set of N-building 
combinations. 
Figure 7.17: First-story peak drift CDF curves (2%/50 years). 
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Another way to investigate the dispersion of the median estimates for the peak first-
story drift is to examine the coefficient of variation of the scale parameter (µLN) and the shape 
parameter (σLN) of the lognormal CDFs fitted to the 15 sets of N-building combinations. Table 
7.4 provides the COV values of median of the first-story peak drift distribution and the 
lognormal first-story peak drift distribution parameters (i.e., the scale parameter, and the shape 
parameter). Note that the first-story peak drifts were used because it was observed that the 
maximum drifts always occurred in the first-story. A COV of zero means that there is no 
dispersion in the estimate of the peak drift lognormal distribution parameters. Using a COV 
value of 0.05 as the threshold, a minimum of more than 11 simulated buildings are required in 
order to achieve a low dispersion in the estimates of the lognormal peak drift distribution 
parameters for the 2%/50yr hazard level. 
Table 7.4: COV values of fitted lognormal distribution for each set of buildings (2%/50 years). 
Lognormal Parameters Number of Buildings  
1 2 3 5 8 10 12 
COV 
Median 0.083 0.070 0.050 0.035 0.029 0.017 0.014 
Scale (µLN) 0.298 0.268 0.200 0.130 0.103 0.058 0.053 
Shape(σLN) 0.127 0.119 0.079 0.054 0.050 0.027 0.017 
Figure 7.18: Dispersion of median estimates for the peak first-story drift CDF curves (2%/50 years). 
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Figure 7.19 shows the dispersion of the fitted lognormal scale parameter (µLN) and 
shape parameter (σLN) for the 2%/50yr hazard level. The Figure illustrates that the variation of 
both parameters reduces as the number of buildings increases.  
 
7.9 Dispersion of Peak Drift Distribution at 10%/50yr Hazard Level 
Figure 7.20 shows the first-story peak drift CDF curves (fitted to a lognormal 
distribution) for the 10%/50yr hazard level. Note that the maximum drift always occurred in the 
first floor of the two-story CUREE building since the shearwalls in the first story had more 
openings in comparison with the second floor. A comparison between Figure 7.17 and Figure 
7.20 reveals that the dispersion and the magnitude of the first-story peak drift distributions 
reduce as the hazard level decreases. 
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Figure 7.19: Dispersion of the scale parameter (µLN) and the shape parameter (σLN) (2%/50 years). 
1 2 3 5 8 10 120.1
0.2
0.3
0.4
0.5
Number Of Buildings
Sc
al
e 
Pa
ra
m
et
er
 
( µµ µµ L
N)
Lognormal Scale Parameter (µLN) Dispersion
 
 
All Simulations
Mean
Combinations
160 
 
 
Table 7.5 shows the COV of the median, scale parameter, and shape parameter of the 
lognormal CDF curves for the 10%/50yr hazard level. From Table 7.4, at the 2%/50yr hazard 
level, it is determined that a minimum of 11 random realizations of the building are required in 
order to achieve an accurate estimate of the peak drift distribution. On the contrary, at 
10%/50yr hazard level, in order to keep the COV values of the median, scale parameter and 
shape parameter below the 0.05 threshold, a minimum of approximately four random 
realizations of the two-story building is required. 
Figure 7.20: First-story peak drift CDF curves  (10%/50 years). 
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Table 7.5: COV values of fitted lognormal distribution for each set of buildings (10%/50 years). 
Lognormal Parameters Number of Buildings  
1 2 3 5 8 10 12 
COV 
Median 0.040 0.024 0.025 0.011 0.009 0.010 0.007 
Scale (µLN) 0.099 0.059 0.064 0.028 0.022 0.025 0.017 
Shape(σLN) 0.033 0.017 0.017 0.011 0.008 0.009 0.007 
Figure 7.21 shows the scatter plot of the number of the median estimates for the peak 
drift CDF curves versus the number of buildings at the 10%/50yr level. As seen in Figure 7.21, 
the medians of the peak drift CDFs at the 10%/50yr level range from 0.62 to 0.72, while at the 
2%/50yr level, the medians of the peak drifts range from 1.10 to 1.50. The medians of the peak 
drifts due to the ensemble of earthquakes with a return period of 2475 years (2%/50yr) are 
approximately double that caused by earthquakes with a return period of 472 years (10%/50yr). 
 
Figure 7.22 shows the dispersion of the fitted lognormal scale parameter (µLN) and 
shape parameter (σLN) for 10%/50yr hazard level. As expected the variation of both parameters 
reduces as the number of buildings increases. 
Figure 7.21: Dispersion of median estimates for maximum drift CDF curves (10%/50 years). 
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7.10 Dispersion of Peak Drift Distribution at 50%/50yr Hazard Level 
Figure 7.23 illustrates the fitted peak drift CDF curves at the 50%/50yr hazard level. As 
expected, the variation of the CDF curves is less than that of the two previously discussed hazard 
levels (10%/50yr and 2%/50yr). This is because at the 50%/50yr hazard level, the peak drift 
responses are mainly in the linear-elastic range. 
The same procedure employed to determine the minimum number of buildings 
required to accurately estimate the peak drift distribution is also used to determine the 
minimum number of buildings required at the 50%/50yr level. Table 7.6 provides the COV of 
median, scale parameter, and shape parameter of the peak drift CDF values fitted to a 
lognormal distribution at 50%/50yr hazard level. The COV values shown in Table 7.6 are all 
below the 0.05 threshold which indicate that only one building is needed to reliably estimate the 
peak drift distribution at 50%/50yr.   
 
Figure 7.22: Dispersion of the scale parameter (µLN) and the shape parameter (σLN) (10%/50 years). 
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Table 7.6: COV values of fitted lognormal distribution for each set of buildings (50%/50 years). 
Lognormal Parameters Number of Buildings  
1 2 3 5 8 10 12 
COV 
Median 0.022 0.009 0.014 0.011 0.005 0.007 0.004 
Scale (µLN) 0.017 0.007 0.011 0.008 0.004 0.006 0.003 
Shape(σLN) 0.016 0.012 0.010 0.010 0.005 0.003 0.003 
Figure 7.24 shows the influence of the number of buildings on the dispersion of the 
median estimates for the peak drift CDF curves at the 50%/50yr level. 
Figure 7.23: First-story peak drift CDF curves (50%/50 years). 
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Figure 7.25 shows the dispersion of fitted lognormal scale parameter (µLN) and shape 
parameter (σLN) for 50%/50yr hazard level.  Like the previous two hazard levels, the variations of 
both the parameters reduce as the number of buildings increases. 
 
7.11 Minimum Number of Buildings for Peak Drift Distribution Parameter 
Estimation 
As stated in the previous Sections 7.7.1, 7.7.2, and 7.7.3, to estimate the minimum 
number of buildings required for estimating the peak drift distribution at each hazard level, a 
target threshold COV value of 0.05 is considered. The suggested threshold COV value is small in 
order to give a reliable estimate of the lognormal distribution parameters for the peak drift 
distribution. Figure 7.26 shows the COV of the lognormal scale parameter versus the number of 
Figure 7.25: Dispersion of the scale parameter (µLN) and the shape parameter (σLN) (50%/50 years). 
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buildings for the 2%/50yr, 10%/yr, and 50%/50yr hazard levels. The dashed line in each subplot 
of Figure 7.26 is the threshold COV value (0.05), and the solid line is a trend line which 
summarizes the dispersion of the scale parameters estimated using a different number of 
realizations of the two-story building (See Table 7.4, Table 7.5, and Table 7.6).  
 
Figure 7.26: Dispersion of scale parameter versus number of buildings.  
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The intersection of the target COV line and the trend line determines the minimum 
number of buildings required for peak distribution parameters estimation. According to the 
results in Figure 7.26, the minimum number of buildings required would be one for the 
50%/50yr hazard level, four building for the hazard level of 10%/50yr, and finally the for hazard 
level of 2%/50yr, it would be at least 11 buildings or more. Note that as shown in Figure 7.26 (c) 
the line representing the threshold COV value of 0.05 is above the trend line of the dispersion 
for the lognormal scale parameter (µLN) for 50%/50yr hazard level; therefore, it can be 
reasonably assumed that  the minimum number of one building would give a reliable answer.  
7.12 Summary 
In this chapter, a methodology to simulate the stochastic response of light-frame wood 
buildings under earthquake loading is presented. The variability of the load-slip responses of 
nails are quantified using test data obtained from reversed cyclic connection tests. These 
randomly generated correlated nail parameters are in turn used to simulate the stochastic 
responses of shearwalls and the two-story CUREE light-frame wood building. This simulation 
approach provides a means to estimate the inherent uncertainty in the seismic performance of 
nominally identical light-frame wood buildings. The results show that ignoring the building-to-
building variability may result in an underestimation of the seismic risk (e.g. collapse risk). 
Finally, a procedure for estimating the lognormal parameters for the peak drift distribution is 
presented. It has been shown that a minimum of one, four and 11 buildings are required to 
reliably estimate the peak drift distribution of the two-story CUREE building at the 50%/50yr, 
10%/50yr and 2%/50yr hazard levels, respectively. 
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Chapter 8. SUMMARY and CONCLUSIONS 
8.1 Summary 
Light-frame wood construction is the most common form of construction for residential 
and low-rise commercial buildings in the North America. In light-frame wood buildings, 
shearwalls provide the primary resistance to lateral forces and they have generally performed 
fairly well under moderate earthquakes. Some of the experimental studies on full-scale wood 
shearwalls have shown that the peak shear strengths can vary from wall to wall. The inherent 
variability of lateral capacity in light-frame wood shearwalls responses is mainly attributed to 
variability of the fasteners that connecting the different parts of the walls together.  
The objective of this study was to develop a probabilistic shearwall model to estimate 
the inherent (aleatoric) uncertainty in light-frame wood shearwalls using a Monte-Carlo 
simulation technique and finally expand the Monte-Carlo simulation to the house-level to 
examine the uncertainty in the estimation of the peak drift distribution of light-frame wood 
buildings. To accomplish this, a series of experimental connection tests of sheathing and framing 
nails were conducted at Clemson University and the results of the tests were utilized in a 
specialized nonlinear light-frame wood shearwall analysis program, M-CASHEW (Matlab toolbox 
for Cyclic Analysis of Shearwalls) to estimate the lateral capacity of light-frame wood shearwalls. 
The program can be used to create detailed mechanistic shearwall models which explicitly 
considers (1) bending and axial elongation of the framing members, (2) uplift and bearing 
contact between the framing members, (3) shear deformation of the sheathing panels, (4) shear 
slip response of the sheathing nails, and (5) the influence of gravity loads or P-delta effect under 
large deformation. Different types of wood shearwall configurations that commonly are being 
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used in light-frame construction across the country were modeled using the M-CASHEW and the 
analysis results were compared with the experimental data.  
Two probabilistic shearwall models were developed in Chapter Six with considering the 
correlation and without considering any correlation among the sheathing nail, framing nail and 
hold-down parameters. For the correlated probabilistic model, a distribution-free method which 
utilizes the Cholesky decomposition of the correlation matrix (Scheuer and Stoller 1962) was 
employed to simulate or generate random nail connections.  
Using the new probabilistic shearwall model, sensitivity studies were performed to 
investigate the effects of uncertainty in ground motions and wall-to-wall variability on the 
seismic performance of light-frame wood shearwalls. Nonlinear dynamic time-history analyses 
were performed using the FEMA P-695 ground motions to estimate the influence of wall-to-wall 
variability on the drift demand of wood shearwalls. Finally, the response of a two-story structure 
was modeled under seismic response and a methodology to simulate the stochastic response of 
light-frame wood building under earthquake loading was developed using the probabilistic 
shearwall model.  
8.2 Conclusions 
This research has the following key findings and conclusions: 
1. The M-CASHEW model formulation which is based on the co-rotational formulation and 
large displacement theory makes it suitable for predicting the collapse load and 
mechanism of both engineered and non-engineered light-frame wood shearwalls. The 
program is robust and numerically stable in the post-peak region than those models 
formulated based on small deformation theory. 
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2. M-CASHEW can be used to model different walls configurations with various levels of 
gravity loads and different anchorage conditions. The model is highly flexible in which it 
can be used to model older shearwall construction with horizontal sheathing boards and 
diagonal bracings.  
3. Two probabilistic nail and hold-down models (i.e. correlated and uncorrelated models) 
were utilized to generate shearwall models with random connection properties. 
Although the correlated connection models is more accurate in terms of maintaining the 
correlation coefficients of the connection parameters derived from the tests, it has been 
determined that the uncorrelated nail model is adequate for Monte-Carlo simulation of 
light-frame wood shearwalls.   
4. The effects of opening and gravity load on wall-to-wall capacity uncertainty were 
investigated via the modeling of three light-frame wood shearwalls (a fully sheathed 
wall, a wall with a pedestrian door and a wall with a garage door opening) under various 
levels of gravity loading. It has been shown that the shearwall sheathing ratio has a 
great influence on the variability of the shearwall capacity (Figure 6.14). On the other 
hand, the gravity load has a marginal influence on the shearwall capacity variability.  
5. The main contribution of variability in the seismic response of shearwalls is from the 
ground motions. The ground motion uncertainty, βG, quantified in this study ranged 
from 0.27 to 0.55 while the wall-to-wall uncertainty, βW, ranged from 0.02 to 0.17.  
6. The variability of the elastic modulus of frames has been shown to have negligible 
influence on the overall response of wood shearwalls. 
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7. In the shearwalls with an opening, the main contribution for the total wall drift comes 
from the rocking deformation of the full-height wall piers to the left and right of the 
opening.   
8. The analysis results show that when rocking deformation is the main contributor to the 
wall drift, the overall wall drift demand is insensitive to the variability of the sheathing 
connections. On the contrary, when shear deformation is dominant, wall-to-wall 
variability contributes significantly to the overall uncertainty of the drift demand. 
9. Since the seismic performance of light-frame wood buildings is mainly governed by the 
behavior of the shearwalls, the inherent variability of the shear strength between 
individual shearwalls has significant influences on the overall behavior of the whole 
buildings. 
10. The nonlinear time history analysis results of a two-story CUREE building using many 
random realizations of the building with randomly generated shearwalls show that 
ignoring the building-to-building variability may result in underestimation of the seismic 
risk (e.g. collapse risk).  
8.3 Suggestions for future research: 
1. In regions with low seismicity or low wind hazard, hold-downs typically are not installed 
in the shearwalls. It may be useful to model these types of conventional shearwalls 
(non-engineered) with M-CASHEW program, particularly for assessment and evaluation 
of the conventional light-frame wood construction.  
2. In order to alleviate the computational burden associated with large number of 
simulations, 100 simulations a crude sampling technique were performed for each type 
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of shearwall. A convergence study should be carried to determine the appropriateness 
of this number of simulations. Furthermore, a variance reducing sampling technique 
should be employed to make so few samples more feasible.  
3. Spatial correlation among the nails and hold-downs parameters is suggested to be 
considered during the simulations to investigate if it is the reason that the hysteresis 
loops of the models with mean nails parameters are not at the middle of the hysteresis 
loops obtained from simulations.  
4. To more accurately assess the uncertainty in the response of light-frame wood 
shearwalls and buildings in addition to the inherent uncertainty in ground motions and 
wall-to-wall variability considered in this study, other sources of uncertainty such as 
site-to-site, sampling, constructions quality, and capacity uncertainties should be 
considered. 
5. The building analyzed in this study, the two-story CUREE test building, was a small box-
like test structure.  The analytical framework presented in this study can be applied to 
analyze larger and more realistic building configurations, including both the residential 
and commercial buildings.  
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Appendix A  Fitted MSTEW hysteretic parameters 
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Table A.1: MSTEW parameters for 16d sinker sheathing (P2FD16dS14). 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β 
 (N/mm)    (N) (N) (mm)  
Test-1 2220 0.016 -0.028 1.42 0.002 2520 250 16 0.74 1.2 
Test-2 2802 0.044 -0.031 1.19 0.001 1032 286 28 0.54 1.1 
Test-3 1200 0.025 -0.043 1.70 0.004 2371 150 30 0.56 1.1 
Test-4 1900 0.020 -0.048 1.99 0.000 1988 274 37 0.75 1.0 
Test-5 2882 0.026 -0.011 1.15 0.001 2108 309 19 0.7 1.3 
Test-6 2955 0.016 -0.023 1.19 0.002 2520 243 15 0.65 1.1 
Test-7 4522 0.026 -0.023 1.01 0.001 1032 286 27 0.59 1.0 
Test-8 1200 0.033 -0.060 1.58 0.001 2242 150 27 0.6 1.1 
Test-9 1900 0.020 -0.047 1.95 0.002 1988 274 37 0.72 1.1 
Test-10 5097 0.021 -0.003 1.01 0.000 1879 268 16 0.67 1.1 
Test-11 3587 0.012 -0.015 1.01 0.001 2295 191 39 0.56 1.1 
Test-12 1216 0.049 -0.015 1.01 0.002 2435 311 34 0.55 1.1 
Test-13 873 0.023 -0.151 1.72 0.005 2649 172 50 0.58 1.1 
Test-14 1943 0.036 -0.051 1.82 0.005 2739 253 25 0.69 1.0 
Test-15 1232 0.010 -0.113 1.29 0.002 3894 291 47 0.66 1.1 
Mean(μ) 2369 0.025 -0.044 1.40 0.002 2246 247 30 0.64 1.10 
Std (σ) 1270 0.011 0.040 0.36 0.002 685 55 11 0.07 0.08 
COV 0.54 0.44 0.90 0.26 0.82 0.30 0.22 0.37 0.11 0.07 
 
Table A.2: MSTEW parameters for 16d sinker sheathing (P2FS16dS14). 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β 
 (N/mm)    (N) (N) (mm)  
Test-1 667 0.183 -0.236 1.01 0.039 1084 262 11 0.66 1.2 
Test-2 414 0.119 -0.159 1.11 0.066 2020 315 9 0.75 1.3 
Test-3 225 0.250 -0.288 1.89 0.048 2113 231 14 0.85 1.4 
Test-4 971 0.109 -0.066 1.01 0.007 854 272 11 0.72 1.3 
Test-5 1700 0.002 -0.001 1.01 0.000 712 358 13 0.76 1.2 
Test-6 904 0.043 -0.159 1.01 0.034 1912 328 13 0.84 1.2 
Test-7 469 0.073 -0.159 1.01 0.062 2020 306 9 0.80 1.3 
Test-8 1022 0.053 -0.061 1.01 0.005 785 317 18 0.77 1.4 
Test-9 698 0.090 -0.253 1.01 0.021 1178 302 14 0.71 1.3 
Test-10 955 0.015 -0.011 1.01 0.003 1095 363 15 0.81 1.2 
Test-11 401 0.240 -0.163 1.27 0.012 1078 78 12 0.56 1.4 
Test-12 370 0.124 -0.284 1.36 0.077 1717 308 10 0.71 1.3 
Test-13 215 0.990 -0.493 2.06 0.074 500 258 11 0.75 1.1 
Test-14 778 0.120 -0.094 1.01 0.034 974 254 11 0.76 1.4 
Test-15 247 0.612 -0.332 2.21 0.041 898 362 12 0.75 1.4 
Mean(μ) 669 0.201 -0.184 1.27 0.035 1263 288 12 0.75 1.3 
Std (σ) 403 0.264 0.133 0.42 0.027 541 71 2 0.07 0.1 
COV 0.60 1.31 0.72 0.34 0.76 0.43 0.25 0.20 0.10 0.08 
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Table A.3: MSTEW parameters for 10d common sheathing to framing nails (P2FS10dC14). 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β 
 (N/mm)    (N) (N) (mm)  
Test-1 1266 0.074 -0.102 1.01 0.013 951 279 9 0.69 1.1 
Test-2 3049 0.029 -0.098 1.01 0.006 1455 428 8 0.73 1.1 
Test-3 3111 0.030 -0.026 1.01 0.001 1112 272 8 0.76 1.2 
Test-4 1296 0.057 -0.097 1.06 0.005 1528 292 9 0.80 1.2 
Test-5 2613 0.053 -0.101 1.01 0.004 1114 204 8 0.70 1.1 
Test-6 2320 0.053 -0.076 1.01 0.005 831 286 9 0.74 1.2 
Test-7 1662 0.038 -0.200 1.01 0.006 1625 149 8 0.73 1.1 
Test-8 2734 0.031 -0.035 1.01 0.001 1164 166 9 0.76 1.2 
Test-9 1102 0.070 -0.117 1.04 0.005 1528 292 10 0.71 1.2 
Test-10 2841 0.053 -0.101 1.01 0.004 1114 254 8 0.70 1.2 
Test-11 1393 0.062 -0.155 1.01 0.014 673 227 9 0.72 1.1 
Test-12 8121 0.025 -0.013 1.01 0.001 1093 355 4 0.74 1.1 
Test-13 4367 0.018 -0.019 1.01 0.002 1115 216 9 0.74 1.3 
Test-14 3531 0.042 -0.040 1.01 0.002 1054 308 8 0.65 1.1 
Test-15 2841 0.053 -0.101 1.01 0.004 1114 254 8 0.70 1.2 
Mean(μ) 2816 0.046 -0.085 1.02 0.005 1165 265 8 0.72 1.16 
Std (σ) 1742 0.017 0.052 0.01 0.004 266 71 1 0.04 0.06 
COV 0.62 0.37 0.61 0.01 0.81 0.23 0.27 0.16 0.05 0.05 
 
 
Table A.4: MSTEW parameters for 10d common framing nails (F2Fpar10dC). 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β 
 (N/mm)    (N) (N) (mm)  
Test-1 1250 0.025 -0.047 1.03 0.005 1056 158 12 0.95 1.2 
Test-2 793 0.032 -0.055 1.24 0.006 1228 156 15 0.89 1.1 
Test-3 803 0.063 -0.068 1.24 0.004 975 99 10 0.85 1.1 
Test-4 671 0.044 -0.050 1.03 0.003 1073 102 6 0.85 1.1 
Test-5 965 0.027 -0.069 1.05 0.005 1145 238 11 0.85 1.3 
Test-6 889 0.027 -0.058 1.25 0.007 1165 150 13 0.85 1.2 
Test-7 797 0.033 -0.046 1.03 0.006 1210 157 12 0.90 1.1 
Test-8 1200 0.029 -0.030 1.32 0.003 848 200 10 0.89 1.1 
Test-9 868 0.030 -0.053 1.28 0.012 1353 189 7 0.74 1.0 
Test-10 750 0.041 -0.038 1.28 0.007 1104 148 8 0.95 1.3 
Test-11 669 0.027 -0.100 1.21 0.008 1332 204 15 0.75 1.1 
Test-12 621 0.039 -0.108 1.07 0.009 1048 214 15 0.80 1.2 
Test-13 522 0.037 -0.089 1.03 0.008 1357 149 9 0.85 1.1 
Test-14 550 0.065 -0.028 1.42 0.004 675 90 10 0.85 1.1 
Test-15 1139 0.060 -0.065 1.38 0.004 1321 189 10 0.89 1.2 
Mean(μ) 832 0.039 -0.060 1.19 0.006 1126 163 11 0.86 1.15 
Std (σ) 225 0.014 0.024 0.14 0.002 193 43 3 0.06 0.08 
COV 0.27 0.35 0.39 0.12 0.41 0.17 0.27 0.26 0.07 0.07 
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Table A.5: MSTEW parameters for 16d sinker sheathing nails (P2FD16dS19). 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β 
 (N/mm)    (N) (N) (mm)  
Test-1 2333 0.041 -0.036 1.17 0.006 3173 408 9 0.92 1.2 
Test-2 6001 0.027 -0.006 1.01 0.000 1416 266 7 0.86 1.2 
Test-3 4421 0.020 -0.011 1.02 0.002 3044 401 3 0.89 1.1 
Test-4 2064 0.029 -0.038 1.20 0.002 3599 332 7 0.89 1.1 
Test-5 2536 0.043 -0.033 1.19 0.003 2780 283 9 0.97 1.1 
Test-6 1772 0.044 -0.054 1.60 0.009 3360 339 8 0.95 1.2 
Test-7 4754 0.034 -0.033 1.01 0.001 2730 274 10 0.85 1.1 
Test-8 3640 0.022 -0.016 1.12 0.001 3115 395 6 0.89 1.1 
Test-9 1462 0.009 -0.047 1.55 0.004 3291 181 12 0.94 1.2 
Test-10 1328 0.023 -0.062 2.41 0.005 3444 294 10 0.95 1.1 
Test-11 3312 0.006 -0.023 1.01 0.003 3670 433 6 0.98 1.1 
Test-12 791 0.040 -0.070 2.07 0.002 3321 302 7 0.85 1.1 
Test-13 5489 0.015 -0.010 1.01 0.001 3066 420 3 0.89 1.1 
Test-14 8108 0.026 -0.011 1.01 0.002 2827 314 6 0.94 1.1 
Test-15 8030 0.015 -0.012 1.01 0.001 2954 295 9 0.89 1.1 
Mean(μ) 3736 0.026 -0.031 1.29 0.003 3053 329 7 0.91 1.13 
Std (σ) 2348 0.012 0.020 0.43 0.002 534 70 2.50 0.04 0.05 
COV 0.63 0.47 0.66 0.34 0.85 0.17 0.21 0.34 0.05 0.04 
 
Table A.6: MSTEW parameters for 8d common sheathing nails (P2FS8dC14). 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β 
 (N/mm)    (N) (N) (mm)  
Test-1 1251 0.070 -0.023 1.20 0.008 978 210 5 0.55 1.3 
Test-2 2100 0.027 -0.026 1.08 0.008 691 140 6 0.65 1.2 
Test-3 980 0.068 -0.032 1.04 0.009 646 162 5 0.65 1.3 
Test-4 2452 0.031 -0.037 1.04 0.002 846 175 7 0.61 1.2 
Test-5 998 0.047 -0.065 1.05 0.008 860 191 9 0.65 1.3 
Test-6 1652 0.055 -0.025 1.01 0.006 897 239 8 0.57 1.4 
Test-7 2210 0.028 -0.022 1.03 0.005 667 160 6 0.64 1.4 
Test-8 876 0.062 -0.045 1.25 0.013 782 182 7 0.68 1.4 
Test-9 2189 0.039 -0.045 1.01 0.008 985 182 7 0.69 1.4 
Test-10 920 0.052 -0.050 1.01 0.006 814 205 12 0.66 1.4 
Test-11 1934 0.046 -0.026 1.01 0.005 742 207 5 0.68 1.3 
Test-12 2259 0.022 -0.023 1.01 0.010 979 154 4 0.80 1.3 
Test-13 1345 0.023 -0.022 1.01 0.010 725 155 5 0.74 1.4 
Test-14 1195 0.038 -0.055 1.00 0.008 910 222 8 0.71 1.4 
Test-15 970 0.055 -0.038 1.01 0.009 877 173 8 0.68 1.4 
Mean(μ) 1555 0.044 -0.036 1.05 0.008 827 184 7 0.66 1.34 
Std (σ) 579 0.016 0.014 0.07 0.003 114 28 2 0.06 0.07 
COV 0.37 0.36 0.38 0.07 0.34 0.14 0.15 0.30 0.09 0.05 
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Table A.7: MSTEW parameters for 8d box sheathing nails (P2FS8dB14). 
 K0 r1 r2 r3 r4 F0 Fi ∆ α β 
 (N/mm)    (N) (N) (mm)  
Test-1 1306 0.035 -0.029 1.80 0.008 712 178 12 0.70 1.25 
Test-2 1154 0.030 -0.032 1.01 0.009 792 196 8 0.81 1.15 
Test-3 965 0.057 -0.075 1.01 0.003 719 182 13 0.71 1.29 
Test-4 448 0.093 -0.063 1.00 0.020 534 111 6 0.88 1.21 
Test-5 1190 0.020 -0.026 1.23 0.004 806 169 13 0.78 1.27 
Test-6 1051 0.035 -0.026 1.29 0.005 660 129 13 0.72 1.28 
Test-7 1234 0.037 -0.038 1.20 0.004 723 169 13 0.72 1.25 
Test-8 876 0.032 -0.054 1.25 0.010 891 187 8 0.89 1.14 
Test-9 1207 0.026 -0.040 1.25 0.004 944 142 12 0.75 1.25 
Test-10 606 0.115 -0.049 1.46 0.015 476 80 6 0.75 1.10 
Test-11 1324 0.026 -0.025 1.01 0.004 746 138 13 0.76 1.31 
Test-12 1178 0.034 -0.010 1.40 0.008 641 133 13 0.71 1.35 
Test-13 778 0.025 -0.069 1.48 0.006 826 156 13 0.78 1.28 
Test-14 682 0.020 -0.042 1.23 0.011 883 182 7 0.80 1.25 
Test-15 944 0.050 -0.065 1.19 0.004 584 165 12 0.72 1.29 
Test-16 273 0.020 -0.123 1.48 0.013 648 102 11 0.80 1.12 
Test-17 957 0.026 -0.045 1.44 0.006 738 142 12 0.75 1.19 
Test-18 879 0.030 -0.025 1.23 0.003 699 147 13 0.79 1.23 
Mean(μ) 947 0.039 -0.046 1.28 0.007 723 150 11 0.77 1.23 
Std (σ) 298 0.026 0.026 0.21 0.005 123 32 3 0.05 0.07 
COV 0.32 0.65 0.56 0.16 0.63 0.17 0.21 0.26 0.07 0.06 
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Table A.8: EPHM parameters for 16d sinker sheathing nails (P2FS10dC14). 
 Ko  Kd  F0 Dx  Kx  Fx  fx  Kd  F0  Dx Kx Fx  fx  Kfi   Kλ   Λ  Xλ  
 N/mm N/mm N mm N/mm N  N N/mm N mm N/mm N N   N
-1
 mm/N N/mm 
Test 1 1000 34 1900 18 -409 2300 200 42 1899 16 -196 2131 152 -0.18 8.83 -0.015 20 
Test 2 550 15 1890 16 -263 2400 362 68 1850 13 -155 1950 50 -0.11 12.00 -0.923 7 
Test 3 650 21 1850 18 -51 2400 215 113 500 19 -147 1471 40 -0.21 6.12 -0.036 6 
Test 4 848 77 1051 16 -352 1812 88 77 915 13 -175 1700 25 -0.23 0.03 -0.012 9 
Test 5 1000 125 1200 20 -188 2300 100 95 891 18 -88 1763 15 -0.24 1371 -1.380 7 
Mean 810 54 1578 18 -253 2242 193 79 1211 16 -152 1803 56 -0.19 279 -0.473 10 
Std  204 46 417 2 141 246 110 27 628 3 41 251 55 0.05 610 0.640 6 
COV 0.25 0.85 0.26 0.10 0.56 0.11 0.57 0.34 0.52 0.18 0.27 0.14 0.98 0.27 2.18 1.35 0.60 
 
Table A.9: EPHM parameters for 10d common sheathing nails (P2FS10dC24). 
 Ko  Kd  F0 Dx  Kx  Fx  fx  Kd  F0  Dx Kx Fx  fx  Kfi   Kλ   Λ  Xλ  
 N/mm N/mm N mm N/mm N  N N/mm N mm N/mm N N   N
-1
 mm/N N/mm 
Test 1 1753 107 1000 13 -268 1940 120 53 900 13 -189 1386 20 -0.11 3 -0.025 22 
Test 2 2786 79 1520 12 -622 2332 60 87 1296 10 -463 1627 68 -0.15 5 -0.009 10 
Test 3 2999 79 1155 13 -212 2360 44 250 900 11 -144 1400 52 -0.11 2 -0.02 12 
Test 4 2465 151 1122 17 -292 2223 89 155 1021 14 -99 1672 85 -0.16 3 -0.011 35 
Test 5 2645 150 1187 11 -1268 2094 250 53 1141 9 -494 2157 240 -0.2 9 -0.002 40 
Mean 2530 113 1197 13 -532 2190 113 120 1052 11 -278 1648 93 -0.15 4 -0.013 24 
Std  476 36 194 2 441 175 82 84 169 2 186 312 86 0.04 3 0.009 13 
COV 0.19 0.32 0.16 0.17 0.83 0.08 0.73 0.70 0.16 0.18 0.67 0.19 0.92 0.26 0.63 0.68 0.56 
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Table A.10: EPHM parameters for 10d common framing nails (P2FS10dC14). 
 Ko  Kd  F0 Dx  Kx  Fx  fx  Kd  F0  Dx Kx Fx  fx  Kfi   Kλ   Λ  Xλ  
 N/mm N/mm N mm N/mm N  N N/mm N mm N/mm N N   N
-1
 mm/N N/mm 
Test 1 2013 50 3000 20 -186 3100 243 32 2480 20 -154 2260 25 -0.34 23 -0.043 20 
Test 2 1601 10 2388 25 -639 2356 436 68 2231 24 -289 2074 499 -0.23 13 -0.009 75 
Test 3 1306 45 3500 21 -232 2461 112 79 3000 21 -122 2083 52 -0.28 201 -0.817 23 
Test 4 1450 33 3000 16 -130 2679 120 7 2141 16 -82 2301 116 -0.22 32 -0.113 12 
Test 5 1864 51 2399 27 -82 1034 133 138 1861 15 -205 2229 491 -0.61 15 -0.050 40 
Mean 1647 38 2857 22 -254 2326 209 65 2343 19 -170 2189 237 -0.34 57 -0.206 34 
Std  291 17 470 4 223 777 138 50 429 4 80 104 238 0.16 81 0.343 25 
COV 0.18 0.45 0.16 0.19 0.88 0.33 0.66 0.77 0.18 0.19 0.47 0.05 1.01 0.48 1.43 1.66 0.74 
 
 
Table A.11: EPHM parameters for 16d sinker sheathing nails (P2FS16dS14). 
 Ko  Kd  F0 Dx  Kx  Fx  fx  Kd  F0  Dx Kx Fx  fx  Kfi   Kλ   Λ  Xλ  
 N/mm N/mm N mm N/mm N  N N/mm N mm N/mm N N   N
-1
 mm/N N/mm 
Test 1 2451 60 3400 15 -194 5378 241 74 2834 18 -101 4314 55 -0.34 6 -0.007 12 
Test 2 4202 150 3000 18 -210 5458 100 140 2500 21 -200 4473 50 -0.13 2 -0.009 33 
Test 3 4293 80 3094 20 -120 4000 200 131 2538 16 -80 4205 120 -0.29 1 -0.006 39 
Test 4 2298 10 3888 16 -121 3716 520 35 3122 10 -107 4347 150 -0.20 5 -0.006 71 
Test 5 2201 77 3128 19 -150 4500 500 54 2811 17 -100 3625 400 -0.26 4 -0.005 75 
Mean 3089 75 3302 18 -159 4610 312 87 2761 16 -118 4193 155 -0.24 4 -0.007 46 
Std  1062 50 360 2 41 789 188 47 253 4 47 331 143 0.08 2 0.002 27 
COV 0.34 0.67 0.11 0.12 0.26 0.17 0.60 0.54 0.09 0.25 0.40 0.08 0.93 0.33 0.58 0.23 0.58 
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Appendix B Fitted MSTEW and EPHM hysteretic curves 
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Figure B.1: MSTEW model fitting (P2FS10dC 14). 
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Figure B.2: MSTEW model fitting (F2Fpar10dC). 
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Figure B.3: MSTEW model fitting (P2FS16dS19). 
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Figure B.4: EPHM model fitting (P2FD16dS14). 
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Figure B.5: EPHM model fitting (P2FS16dS19). 
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Figure B.6: EPHM model fitting (P2FS10dC 14). 
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Figure B.7: EPHM model fitting (P2FS16dS19). 
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Figure B.8: EPHM model fitting (F2Fpar10dC). 
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Figure B.9: Anchor Bolts cyclic tests and fitted hysteretic curves. 
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Figure B.10: Anchor bolts cyclic tests and fitted hysteretic curves. 
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Figure B.11: Anchor bolts monotonic tests and fitted backbone curves. 
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Figure B.12: Anchor bolts monotonic tests and fitted backbone curves. 
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Appendix C Details of Seismic Weight Calculations 
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The soil type is assumed to be site class D (Stiff soil). The spectral values are determined 
following the requirements of ASCE 7-05 (ASCE 2005). The following Table shows the design 
spectral acceleration parameters for shear walls located in a representative southern Californian 
region. 
Mapped 
Spectral 
Acceleration 
(g) 
Site 
Coefficients 
Maximum 
Credible 
Earthquake 
 (g) 
Design Basis 
Earthquake  
(g) 
Response 
Modification 
Factor 
Importance 
Factor 
Seismic 
Response 
Coefficient 
Ss S1 Fa Fv SMS SM1 SDS SD1 R I Cs 
1.5 0.9 1.0 1.5 1.5 1.35 1.0 0.9 6.5 1.0 0.154 
 
 
 
 
Equivalent Lateral Force Procedure: 
 
Cs = the seismic response coefficient determined in accordance with Section 12.8.1.1. 
W = the effective seismic weight per Section 12.7.2. 
The seismic response coefficient, Cs, shall be determined in accordance with Eq. 12.8-2. 
V Cs W⋅
Mapped values for short and one-second spectral acceleration: 
 
 
Site Coefficients: 
 
Fa from ASCE/SEI 7-05 Table 11.4-1 
 Fv from ASCE/SEI 7-05 Table 11.4-2 
Maximum Credible Earthquake (MCE)  [ASCE/SEI 7-05, Section 11.4] 
 
 
Design Basis Earthquake (DBE) [ASCE/SEI 7-05, Section 11.4.4] 
  
Ss 1.5g:=
S1 0.9g:=
Fa 1.0:=
Fv 1.5:=
SMS Ss Fa⋅ 1.5 g⋅=:=
SM1 S1 Fv⋅ 1.35 g⋅=:=
SDS
2
3
SMS⋅ 1 g⋅=:= SD1
2
3
SM1⋅ 0.9 g⋅=:=
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aw ! V[x#yz , ! 0.154 
R = 6.5 and I = 1.0 
SDS = the design spectral response acceleration parameter in the short period range a 
R = the response modification factor in Table 12.2-1. 
I = the occupancy importance factor determined in accordance with Section 11.5.1. 
Approximate Fundamental Period.  
The approximate fundamental period (Ta), in s, shall be determined from the following equation: 
W !  a e&  
where hn is the height in feet above the base to the highest level of the structure and the 
coefficients Ct and x are determined from Table 12.8-2. 
Ct = 0.02, x = 0.75, hn = 8 ft 
 
The value of Cs computed in accordance with Eqn. 12.8-2 need not exceed the following: 
 
Cs shall not be less than:    CS = 0.01    (12.8-5) 
In addition, for structures located where S1 is equal to or greater than 0.6g, CS shall not be less 
than: 
 
Ta Ct hn
x
⋅ 0.095=:=
Cs
SD1
T
R
I




⋅
1.455=:=
Cs
0.5 S1⋅
R
I




0.069=:=
195 
 
Then the seismic weight can be calculated as: CS = 0.154 (for a location in California). 
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